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PREFACE  TO  FIRST  EDITION. 


Electric  Lighting  having  now  become  one  of  the  most  im* 
portant  branches  of  applied  science,  there  is  a  demand  for  informa- 
tion on  the  subject.  This  demand  is  by  no  means  confined  to 
electrical  engineers,  but  applies  also  to  mechanical,  mining,  and. 
other  engineers,  architects,  fire  underwriters,  students  in  colleges 
and  technical  schools,  lawyers  and  business  men  who  may  be 
called  upon  to  consider  questions  relating  to  electric  lighting. 
But  the  development  of  this  art  has  been  so  very  rapid,  and  so 
many  changes  and  improvements  were  continually  being  made^ 
that  heretofore  any  attempt  at  a  complete  treatise  on  the  subject 
would  become  out  of  date  while  it  was  being  printed. 

There  are  already  good  elementary  works  on  electric  lighting  ; 
and  in  the  case  of  special  branches,  such  as  the  dynamo,  trans- 
former, electrical  distribution,  etc.,  we  have  several  excellent 
books ;  but  none  of  these  cover  electric  lighting  as  a  whole,  or 
what  might  be  called  electric-light  engineering. 

The  author  believes  that  the  time  has  now  arrived,  however^ 
when  electric  lighting  has  reached  a  sufficiently  perfected  and 
established  state  to  allow  of  its  being  treated  in  a  fairly  satis- 
factory and  permanent  manner. 

The  plan  adopted  in  this  book  is  to  follow  the  usual  sequence 
in  which  the  electric  current  is  generated,  transmitted,  and  utilized 
in  electric  lighting.  That  is  to  say,  the  introductory  principles 
are  first  given;  then  the  building,  boilers,  engines,  dynamos,  dis- 
tributing conductors,  lamps,  etc.,  will  be  considered  in  the  natural 
order  in  which  the  electrical  energy  is  first  obtained,  and  finally 
converted  into  light  in  the  lamps.  The  attention  of  the  reader  is 
particularly  called  to  this  arrangement,  which  is  given  in  full  in 
the  Table  of  Contents.  This  order  not  only  facilitates  the  under- 
standing and  remembering  of  the  various  parts  of  the  subject,  but 

also  enables  one  to  quickly  turn  to  any  particular  part  without 
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IV  PREFACE. 

using  the  Table  of  Contents  or  Index,  since  one  knows  without  any 
effort  of  memory  the  position  of  each  element  with  reference  to  the 
others. 

The  entire  subject  of  electric  lighting  naturally  divides  itself 
into  two  parts;  one  relating  to  the  generating-plant,  and  the  other 
covering  the  distributing  conductors,  lamps,  special  applications, 
€tc.  The  present  volume  is  con&ned  to  the  first  part,  the  other 
subjects  being  given  in  Volume  11. 

In  many  courses  of  instruction  the  subject  of  steam-  and  gas- 
engines,  water-wheels,  and  other  purely  mechanical  matters,  are 
not  included  in  the  lectures  on  electric  lighting,  being  taught  by 
other  instructors  as  entirely  distinct  matters.  In  fact,  the  author 
approves  of  this  plan  himself;  nevertheless,  for  completeness,  it 
was  deemed  proper  to  incorporate  the  mechanical  subjects  with 
the  electrical  ones,  and  to  consider  particularly  their  application 
to  electric  lighting.  These  portions  of  the  book  will  at  least 
serve  as  a  review  or  memorandum  of  what  it  is  essential  to  know, 
even  though  the  knowledge  has  already  been  acquired  elsewhere. 

It  is  quite  a  common  fault  in  technical  books  that  many  of 
the  machines  and  methods  given  as  examples  are  either  untried 

The  author  desires  to  express  indebtedness  to  his  former 
pupils,  Messrs.  C.  H.  Parmley  and  Max  Osterberg,  whose  care- 
fully taken  notes  of  his  lectures  formed  the  basis  of  this  work ; 
to  Professor  R.  B.  Owens  of  McGill  University  for  ideas 
on  the  location  of  a  station  (Chapter  V.) ;  to  Professors  M.  I. 
Pupin  and  F.  R.  Hutton,  Mr.  E.  A.  Darling  and  Mr.  G.  F.  Sever 
of  Columbia  University  for  proofreading  and  suggestions  in  re- 
gard to  the  steam-engine,  dynamo,  etc.  (Chapters  VIII.  to  XVII.) ; 
also  to  Mr.  Gano  S.  Dunn  and  Mr.  D.  R.  Lovejoy  for  proofreading. 
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The  first  edition  of  this  book  appeared  in  1896,  and  four 
editions  containing  revisions  have  been  published  since.  The 
present  edition  has  been  practically  rewritten,  bringing  the  vari- 
ous branches  of  the  subject  thoroughly  up  to  date.  The  original 
arrangement  of  topics  and  the  treatment  of  fundamental  facts 
are  retained,  but  the  earlier  types  of  apparatus  have  been  replaced 
by  the  latest  examples.  Much  new  matter  relating  to  recent 
developments  in  station  design,  steam-turbines,  gas-engines^ 
direct-connected  generators,  storage  batteries,  etc.,  has  been 
introduced.  Particular  care  has  been  exercised  in  eliminating 
the  dead  wood  consisting  of  antiquated  illustrations  and  state- 
ments, which  are  too  often  left  in  revised  editions  of  technical 
works.  This  book  has  been  used  for  eight  years  as  a  text-book 
in  a  number  of  engineering  schools,  and  as  a  result  of  this 
experience  the  new  edition  is  better  adapted  to  its  purpose.  It 
is  also  intended  as  a  handbook  for  engineers  and  architects^ 
including  those  not  specialists  in  electrical  work  but  who  desire 
to  obtain  information  regarding  it.  ** Electric  Lighting"  is 
retained  as  the  title,  but  generating  plants  for  railway,  power,, 
electrochemical,  electrometallurgical  and  other  purposes  embody 
the  same  elements  arranged  in  a  similar  manner,  so  that  the 
book  also  applies  to  them.  In  a  general  treatise  of  moderate 
size  it  is  impossible  to  cover  this  subject  exhaustively,  but  the 
principle,  construction,  and  action  of  each  main  or  auxiliary 
piece  of  apparatus,  also  its  relation  to  the  others,  is  explained  to 
an  extent  proportional  to  its  importance. 

In  the  preparation  of  the  present  revised  edition,  the  author 
received  much  valuable  assistance  from  his  friends  and  colleagues 
Morton  Arendt,  E.E.,  Dr.  C.  E.  Lucke,  and  Professor  George 
F.  Sever.  The  author  also  takes  this  opportunity  to  thank  the- 
various  manufacturers  and  engineers  who  have  kindly  furnished! 
information  as  well  as  illustrations. 
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ELECTRIC   LIGHTING. 


CHAPTER  i; 

ZNTRODUCnON. 

Electric  Lighting  is  the  art  of  producing  artificial  illumina- 
tion by  means  of  electrical  energy. 

Generally  speaking,  an  electric  lighting  system  comprises  three 
essential  elements,  viz. :  — 

1.  Apparattts  for  generating  tlie  electrical  energy  ^  for  which  pur- 
pose dynamo-electric  machines  driven  by  steam  or  gas  engines  or 
water-wheels  are  almost  universally  employed. 

2.  Means  for  transmitting  and  distributing  the  electrical  energy^ 
which  consist  largely  of  copper  conductors. 

3.  Devices  for  converting  the  electrical  energy  into  lights  which 
are  practically  always  either  arc  or  incandescent  lamps. 

In  addition  to  these  three  essential  elements,  certain  auxiliary 
devices  are  commonly  employed,  such  as  transformers,  secondary 
batteries,  switching,  regulating,  and  measuring  apparatus,  etc. 

The  words  system^  installation^  and  plant  are  all  used  to  desig- 
nate the  collection  of  apparatus  and  other  elements  employed  for 
electric  lighting  in  any  given  case.  The  first  term  is  used  too 
freely;  as,  for  example,  when  some  trifling  device  is  called  "a 
new  system  of  electric  lighting."  Nevertheless,  these  terms  have 
their  legitimate  use  in  discussing  electric  lighting.  Their  signifi- 
cance in  this  connection  is  substantially  identical  with  their  ordi- 
nary meaning. 

The  dynamo-electric  machines  used  in  electric  lighting  are  the 
various  well-known  forms  of  mechanical  generators  of  electricity. 
They  may  be  defined  as  machines  for  converting  mechanical 
energy  into  electrical  energy ;  or,  in  other  words,  they  gener- 
ate electric  currents  when  driven  by  mechanical  power. 

The  term  dynamo-electric  machine  is  so  long  that  it  is  usu- 
ally and   almost   unavoidably   shortened   into   "dynamo,"  which 
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2  ELECTRIC  LIGHTING. 

has  exactly  the  same  meaning.  The  name  "  electric  generator," 
or  simply  "generator,"  is  often  applied  to  the  dynamo,  especially 
when  it  is  used  to  produce  current  for  electric  railway  or  other 
motors ;  but  this  distinction  is  merely  for  convenience.  An  alter- 
nating current  dynamo  is  commonly  called  an  "  alternator." 

Two  essentially  different  kinds  of  electric  currents  are  in  use* 
direct  and  alternating;  and  the  differences  between  them  give 
rise  to  very  important  variations  in  the  construction  and  opera- 
tion of  electric-lighting  plants. 

A  direct  or  continuous  current  flows  in  one  direction  only; 
whereas  an  alternating  current  reverses  its  direction  of  flow,  and 
usually  the  reversals  occur  very  rapidly,  that  is,  50  to  266  times 
per  second,  the  "  frequency  "  or  number  of  complete  periods  being 
between  25  and  133  per  second  in  all  systems  in  general  use. 

The  steam  or  gas  engines  and  water-wheels  employed  in  elec- 
tric lighting  are  practically  the  same  as  those  used  for  other 
purposes,  except  that  it  is  especially  important  that  they  should 
be  very  constant  in  speed. 

Steam  and  gas  engines  and  water-wheels  being  practically  the 
only  prime  movers  or  sources  of  mechanical  power  used  in  elec- 
tric lighting,  are  quite  fully  treated  iq  Chapters  VII.  to  XIV. 
inclusive. 

The  mechanical  connection  between  the  engine  and  dynamo  is  a 
matter  of  much  consequence  ;  in  fact,,  it  has  been  the  cause  of 
considerable  trouble  and  discussion  in  electric-light  engineering, 
and  it  therefore  receives  particular  attention  in  Chapters  XV. 
and  XVI. 

The  dynamo  being  by  far  the  most  essential  element  in  electri- 
cal engineering  is  treated  in  considerable  detail.  Chapter  XVII. 
is  devoted  to  the  principles  and  construction  of  dynamos,  Chap- 
ter XVIII.  to  typical  forms,  and  Chapter  XIX.  to  the  practical 
management  of  these  machines.  The  last  subject  is  certainly  of 
fundamental  importance  in  electric  lighting ;  and  no  fact  concern- 
ing it,  however  small,  is  unworthy  of  consideration.  Indeed,  to 
nearly  all  electri'c-light  engineers  a  knowledge  of  the  construction 
of  the  dynamo  is  chiefly  useful  because  it  enables  them  to  man- 
age these  machines  more  intelligently,  and  not  because  they  are 
called  upon  to  design  or  build  them. 

Accumulators  are  often  used  in  connection  with  the  generating- 
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plant.  An  accumulator,  also  called  a  secondary  or  storage  bat- 
tery, consists  of  a  number  of  voltaic  cells  containing  plates  or 
electrodes  and  a  conducting  liquid  or  electrolyte.  Such  a  battery 
is  inert  in  itself;  but,  on  passing  a  current  through  it,  certain 
chemical  changes  are  produced,  which  render  it  capable  of  after- 
wards reproducing  a  large  fraction  of  the  electrical  energy  put 
into  it 

In  Europe  acciunulators  have  been  more  extensively  and  suc- 
cessfully employed  than  in  the  United  States,  but  they  are  now 
being  quite  rapidly  introduced  into  central  stations  and  isolated 
plants  in  this  country. 

The  principles,  construction,  and  action  of  accumulators  are 
discussed  in  Chapter  XX. ;  and  their  use  in  electric  lighting  is 
considered  in  Chapter  XXI. 

Switchboards^  including  meastiring  Instruments,  switches,  cir- 
cuit-breakers, fuses,  automatic  cut-outs,  rheostats,  ground  detec- 
tors, and  other  similar  apparatus,  are  described  in  Chapters  XXII. 
and  XXIII. 

Lightning  arresters,  which  involve  almost  the  only  very  uncer- 
tain questions  in  electric  lighting,  are  carefully  considered  in 
Chapter  XXIV. 

This  completes  the  list  of  elements  which  form  part  of  the 
generating-plant ;  and  the  remainder  of  the  subject,  comprising 
the  distribution  and  utilization  of  the  electrical  energy,  is  treated 
in  Volume  II.  The  subjects  therein  discussed  include  the  prin- 
ciples, methods,  and  apparatus  employed  in  direct-  as  well  as  in 
alternating-current  distribution,  underground  and  overhead  con- 
ductors, recording-meters,  house-wiring,  arc  and  incandescent 
lamps.  It  will  be  noted  in  both  volumes  that  the  order  in  which 
the  various  subjects  are  treated  follows  the  usual  sequence  of 
generating,  transmitting,  and  utilizing  the  electrical  energy  for 
lighting  or  other  purposes.  This  being  the  natural  order  is  easier 
to  follow  than  any  arbitrary  arrangement. 

ASVANTAGSB  AND  DIBADVANTAGBS  OF  THB  SLBOTBIO  ZJGRT* 

Before  entering  upon  the  detailed  study  of  electric  lighting, 
certain  general  questions  present  themselves  for  consideration. 
In  the  first  place,  the  relation  of  the  electric  light  to  other  forms 
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of  slrtificial  light  is  a  matter  upon  which  its  ultimate  success  or 
failure  necessarily  depends.  In  other  words,  if  the  electric  light 
does  not  possess  decided  advantages  over  the  gas  light  and  other 
means  of  lighting  already  in  existence,  it  is  obvious  that  its  intro- 
duction is  of  no  utility,  and  the  study  of  it  is  unnecessary.  In 
short,  the  very  existence  of  the  electric  light  in  practical  use 
depends  upon  its  exact  value  compared  with  that  of  its  rivals ; 
and  therefore  it  will  be  well  to  carefully  consider  its  various 
advantages  and  disadvantages. 

The  marked  advantages  of  electric  light  over  gas  light  may 
be  enumerated  as  follows :  — 

1.  It  does  not  vitiate  the  atmosphere;*  that  is,  it  neither 
consumes  the  oxygen  upon  which  the  life  and  health  of  human 
beings  depend,  nor  produces  carbonic  acid  or  other  gases  which 
are  deleteriods. 

2.  It  is  much  cooler;  i.e.,  it  produces  less  than  one-tenth 
as  much  heat  for  the  same  amount  of  light. 

3.  It  can  be  lighted  without  the  aid  of  matches,  which  is  not 
only  a  great  convenience,  but  also  largely  reduces  the  danger 
of  fire. 

4.  The  incandescent  light  is  much  steadier  than  gas  light, 
and  does  not  flicker  even  in  a  strong  current  of  air. 

5.  The  incandescent  lamp  itself  is  practically  free  from  the 
possibility  of  setting  fire  to  anything,  because  the  source  of  light 
is  hermetically  sealed  in  a  glass  globe;  and  even  if  the  globe  is 
broken  in  a  barrel  of  gunpowder  or  kerosene,  it  will  not  ignite 

them.f 

6.  The  lamps  are  capable  of  much  more  convenient  and 
aesthetic  arrangement ;  that  is  to  say,  lamps  can  be  put  close 
against  a  wall  or  ceiling,  or  they  can  be  placed  pointing  upward 
or  downward,  or  inclined  at  any  angle,  all  of  which  arrange- 
ments are  impossible  in  the  case  of  gas  or  other  kinds  of  lamps. 

7.  The  lamps  can  be  lighted  and  controlled  from  any  desired 
point,  such  as  the  entrance  to  a  building  or  room. 

*  This  is  strictly  true  only  of  the  incandescent  lamp,  but  it  practically  applies  to 
the  arc  lamp  also. 

t  A  mixture  of  explosive  gases,  however,  might  be  exploded  in  this  way.  But  this 
danger  is  largely  avoided  by  enclosing  the  lamp  in  a  thick  glass  globe.  If  a  lamp  is  in 
contact  with  or  enclosed  in  cloth,  wood  or  other  combustible  material,  the  heat  may 
accumulate  sufficiently  to  char  or  set  fire  to  the  latter. 
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8.  Incandescent  lamps  can  be  obtained  of  any  power,  from 
a  small  fraction  of  one  candle-power  up  to  several  hundred,  and 
one  can  be  substituted  for  the  other  in  a  few  seconds,  which  is 
not  practicable  with  any  other  means  of  illumination. 

It  should  be  remarked  that  the  above  advantages  apply  more 
particularly  to  the  incandescent  electric  light  than  to  the  arc 
light ;  but  the  former  is  the  one  used  almost  entirely  for  interior 
illumination,  the  latter  being  used  more  for  street  lighting  and 
other  rougher  uses,  where  fine  points  of  advantage  are  not  of  so 
much  consequence. 

The  only  disadvantages  of  the  electric  light  to  offset  the 
numerous  and  important  advantages  stated  above  are:  — 

1.  The  electric  light  cannot  be  turned  down  like  a  gas  or  oil 
lamp. 

This  objection  is  often  urged;  but  it  amounts  to  very  little, 
because  it  is  rarely  desirable  to  turn  down  a  light,  and  ninety- 
nine  times  out  of  a  hundred  when  it  is  done  it  is  to  save  the 
trouble  of  relighting.  To  avoid  danger  of  fire,  and  for  other 
reasons,  it  is  ordinarily  a  positive  advantage  to  turn  out  a  light 
entirely  when  not  required  ;  and  this  can  be  done  in  the  case 
of  the  electric  light  without  involving  any  trouble  in  relighting  it. 

Furthermore,  the  incandescent  light  can  be  dimmed,  if  desired, 
in  several  ways.  A  resistance  can  be  used  for  a  direct  current, 
and  a  choke  coil  for  an  alternating  current ;  and  either  of  these 
can  be  applied  without  much  trouble  or  expense,  and  the  only 
reason  they  are  not  often  used  is  that  they  are  not  needed. 
For  a  sick-room,  or  other  place  where  a  dim  light  is  required, 
a  low  candle-power  lamp  can  be  employed,  or  the  light  can  be 
shut  off  by  a  shade  or  screen. 

2.  It  is  often  stated  that  the  electric  light  has  an  injurious 
effect  upon  the  eye.  The  intense  glare  and  usual  unsteadiness 
of  an  arc  light  are  often  unpleasant,  and  would  probably  be 
harmful  to  the  eye  if  exposed  to  it  for  any  length  of  time. 
But  the  arc  lamp  is  generally  used  for  lighting  streets,  halls, 
railway  stations,  and  other  places  where  sight  is  general,  and 
not  applied  to  small  objects.  For  lighting  small  spaces,  or  for 
any  case  where  reading,  writing,  or  other  fine  work  has  to  be 
done,  the  arc  light  should  be  shaded,  or  arranged  so  as  not  to 
throw  its  glare  directly  into  the  eye. 
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The  incandescent  light  seems  to  be  steadier  than  any  other 
kind  of  light ;  but  the  author  has  heard  of,  or  actually  observed, 
cases  where  sensitive  eyes  were  disagreeably  affected  by  it.     The 
slight  fluctuations  in  speed  and   current  due  to  the  strokes  of 
the  engine  often  produce  a   perceptible  flickering  in   the  lights,, 
which  can  best  be  detected  by  observing  a  piece  of  white  paper 
held  near  the  lamp.    This  may  be  overcome  or  reduced  by  higher 
speed  or  heavier   fly-wheels,  and  certainly  should   be    brought 
down  until  it  is  imperceptible.     Two  or  more  engines  or  dyna- 
mos working  on  the  same  circuit  might  shift  the. load  from  one 
to  the  other,  or  otherwise  act  inharmoniously.     This  would  be 
more  likely  to  occur  with  alternating  currents  which  might  surge 
back  and  forth,  due  to  lack  of  perfect  synchronism  or  equality 
of  action  in  the  generators.     The  sudden  throwing  on  or  off  of 
motors  or   a   considerable    number   of  lamps,    the   intermittent 
slipping  of  a   belt   or   inductive  action    between    two  or   more 
alternating  currents  difTering  slightly  in  phase,  are  also  causes  of 
variation  in  lamps  which  should  be  guarded  against. 

3.  The  incandescent  light  is  sometimes  more  expensive  than 
gas  light;  but  in  isolated  plants  in  hotels,  factories,  etc.,  where 
boilers,  engines,  and  engineers  are  required  in  any  case,  the 
extra  expense  due  to  the  electric  light  is  small,  and  it  costs  less 
than  the  equivalent  gas.  When  the  exhaust  steam  is  used  for 
heating,  the  introduction  of  electrical  generating  machinery  adds 
little  to  the  coal  consumption.  With  the  arc,  Nernst  and  Hewitt 
lamps,  which  require  less  watts  per  candle-power  than  the  ordi- 
nary incandescent  type,  the  cost  of  electric  lighting  is  still  lower. 

As  a  matter  of  fact,  however,  the  real  importance  and  utility^ 
of  the  electric  light  is  dependent  upon  its  radical  advantages  over 
any  other  form  of  artificial  light ;  and  whether  it  costs  a  little 
more,  a  little  less  than,  or  exactly  the  same  as,  gas  light,  is  not  so 
very  important.  For  example,  gas  light  costs  more  than  lighting 
by  kerosene  lamps ;  but  the  greater  convenience  and  general 
superiority  of  gas  are  sufficient  to  practically  eliminate  the  use  of 
kerosene  .wherever  gas  is  available.  The  advantages  of  the  elec- 
tric light  over  gas  are  similar  in  character  to,  and  fully  as  great 
in  degree  as,  the  advantages  of  gas  over  oil ;  and  this  applies  to 
the  Welsbach  burner  and  acetylene  gas  as  well  as  to  ordinary 
illuminating-gas.      The    advantages    of    the    incandescent   lamp 
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Stated  above,  particularly  the  facts  that  it  does  not  vitiate  the 
atmosphere  or  produce  as  much  heat,  and  can  be  lighted  without 
matches,  make  it  a  superior  kind  of  light  in  practically  every 
respect ;  and  it  is  probably  a  fact  in  nearly  every  case  where  elec- 
tric light  is  introduced  instead  of  gas,  that  this  is  the  reason,  and 
not  because  it  is  expected  to  be  cheaper  than  gas.  This,  how- 
ever, is  only  true  when  the  cost  of  electric  light  is  approximately 
equal  to  that  of  gas.  If  the  cost  were  very  much  greater,  it 
would  prevent  its  use  in  many  cases.  If,  on  the  other  hand,  elec- 
tric light  is  actually  cheaper  than  gfas,  in  addition  to  its  other 
decided  advantages,  then  there  would  appear  to  be  no  reason  why 
it  should  not  be  used  almost  universally  wherever  it  can  be 
obtained. 

The  standard  incandescent  lamp  (carbon  filament),  giving  16 
candle-power,  consumes  about  50  watts,  and  the  ordinary  charge 
for  current  to  supply  it  is  about  three-quarters  of  a  cent  per 
hour.  This  applies  to  small  quantities  obtained  from  electric- 
light  companies.  For  larger  quantities  a  discount  is  generally 
made,  and  when  a  customer  uses  several  hundred  thousand  kilo- 
watt-hours per  year  the  price  may  be  one-half  cent  or  less  per 
lamp-hour.  In  most  cases  electric  power  for  running  motors  is. 
sold  at  a  lower  rate  than  for  lighting  because  the  former  service 
usually  extends  over  longer  periods  of  time.  The  machinery  in 
a  factory,  for  example,  runs  about  ten  hours  a  day,  whereas  the 
lamps  may  be  in  use  only  an  hour  or  two  in  winter  and  not  at 
all  in  summer.  On  account  of  this  difference  a  common  charge 
for  electric  power  is  about  five  cents  per  K.W.-hour  even  for 
moderate  quantities  and  corresponds  to  one-quarter  of  a  cent  for 
a  60 -watt  lamp.  Large  water-power  plants  under  favorable 
circumstances  are  able  to  sell  electrical  energy  at  very  low  rates. 
At  Niagara  Falls  the  charge  is  about  .015  cent  per  lamp-hour  (50 
watts),  and  about  $20  per  horse-power-year  for  twenty-four  hours 
a  day,  which  is  less  than  one-third  of  a  cent  per  K.W.-hour. 

In  isolated  plants  (steam),  for  the  reasons  stated  on  page  6, 
the  cost  of  electric  light  or  power  is  often  less  than  the  charges 
of  electric-light  companies.  Fairly  large  installations  properly 
designed  and  operated  produce  electrical  energy  at  about  4  cents 
per  K.W.-hour 
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CHAPTER  II. 

BISTORT  OF  EI2CTRIC  UOHTINO. 

Lightning  is  the  first  and  grandest  form  of  electric  light. 
Ordinarily,  however,  we  confine  the  term  to  mean  artificial  elec- 
tric light.  Considered  from  this  point  of  view,  probably  the 
first  electric  illuminating  effects  obtained  by  man  were  electric 
sparks  produced  intentionally  or  accidentally  by  frictional  elec- 
tricity. The  effects  obtained,  however,  in  these  very  early  experi- 
ments were  so  feeble  that  they  are  hardly  worth  considering  ;  and 
it  was  not  until  the  first  electrical  machine  was  made  by  Otto  von 
Guericke,  about  the  middle  of  the  seventeenth  century,  that  the 
sparks  produced  were  sufficiently  powerful  and  frequent  to  be 
looked  upon  as  even  the  germ  of  the  electric  light.  In  fact,  the 
duration  of  an  electric  spark  being  only  an  almost  infinitesimal 
fraction  of  a  second,  it  can  hardly  be  considered  to  be  a  light  of 
any  practical  use.  Later,  however,  the  frictional  electric  machine 
was  improved  by  Newton  and  others,  and  numerous  experimenters 
took  up  the  study  and  development  of  electricity.  One  line  of 
work  which  probably  produced  an  electric  light  worthy  of  the 
name  earlier  than  any  other  method,  and  one  which  has  recently 
assumed  particular  importance,  is  the  production  of  light  by 
means  of  electrical  discharges  in  air  or  other  gases,  whether  rare- 
fied or  not.  Intermittent  electric  sparks  are  entirely  too  sudden 
and  temporary,  unless  the  number  of  sparks  is  made  sufficiently 
great  to  be  practically  equivalent  to  a  continuous  discharge. 

During  the  latter  part  of  the  seventeenth  and  early  in  the 
eighteenth  century  numerous  experiments  were  made  with  dis- 
charges in  air  or  rarefied  gas. 

The  record  of  these  may  be  found  in  a  book  entitled  Physico- 
Mechanical  Experiments  on  Various  SubjectSy  containing  an  Account 
of  Several  Surprising  Pheno7ne7ia  touching  Light  and  Electricity, 
By  F.  Hauksbee,  F.R.S.     Published  in  London  in  1709. 

The  above  experiments  deserve  to  be  considered  as  being  the 
first  production  of  the  electric  light  in  anything  like  a  practical 
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way,  although  heretofore  they  have  been  ignored  so  far  as  the 
history  of  electric  lighting  is  concerned;  but  the  interesting 
experiments  of  Tesla  and  others  in  connection  with  electrical 
discharges  might  lead  us  to  look  upon  these  very  early  attempts 
as  being  as  important  as  much  later  experiments  which  are  ordi- 
narily given  as  the  origin  of  the  electric  light.  Leaving  aside, 
however,  the  question  of  what  the  electric  light  of  the  future  may 
be,  it  is  certainly  a  fact  that  the  electric  light  of  the  present  day 
depends  essentially  upon  the  use  of  an  electric  current  of  several 
amperes,  or  a  large  fraction  of  one  ampere.  Frictional  electric 
machines  cannot  give  any  such  current ;  therefore  electric  lighting 
of  the  kind  now  practiced  was  an  impossibility  until  some  source 
of  electric  current  was  discovered.  The  first  source  of  this  kind 
was  the  primary  battery,  or  chemical  generator  of  electricity, 
invented  by  Volta  in  1800.  The  voltaic  battery  was  soon  taken 
up  and  developed  by  scientific  men,  and  batteries  of  sufficient 
power  to  produce  quite  strong  currents  were  made  by  Volta  him- 
self  and  by  others.  Sir  Humphry  Davy  immediately  recognized 
the  great  possibilities  of  the  battery  for  scientific  and  practical 
use,  and  constructed  a  very  large  one  of  2,000  pairs  of  plates  in 
1808.  This  battery  was  used  by  him  in  various  investigations ; 
and  in  the  years  of  1809  and  1810  he  performed  with  it  the 
epoch-making  experiment  of  producing  a  continuous  and  brilliant 
electric  light,  which  was  practically  identical  in  principle  with  the 
arc  light  of  to-day.  This  experiment  is  best  described  in  his  own 
words  as  follows  :  "  When  pieces  of  charcoal  about  an  inch  long 
and  one-sixth  of  an  inch  in  diameter  were  brought  near  each 
other,  within  a  thirtieth  or  fortieth  part  of  an  inch,  a  bright  spark 
was  produced,  and  more  than  half  the  volume  of  charcoal  became 
ignited  to  whiteness;  and  by  withdrawing  the  points  from  each 
other  a  constant  discharge  took  place  through  the  heated  air,  in 
a  space  equal  to  at  least  four  inches,  producing  a  most  brilliant 
ascending  arch  of  light." 

It  should  be  noted  that  in  the  above  experiment  Davy  made 
use  of  carbon  electrodes,  which  are  the  essential  elements  of  the 
present  arc  lamp ;  and  carbon  is  also  used  for  the  filament  of  all 
practical  forms  of  incandescent  lamp.  He  also  noticed  the  arched 
form  of  the  electric  current  between  the  carbon  points,  from  which 
form  the  arc  derives  its  name.     This  great  experiment  is  unques- 
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tionably  the  foundation  of  the  present  methods  of  electric  light- 
ing ;  but  the  use  of  a  voltaic  battery  as  the  source  of  current 
prevented  any  extensive  introduction  of  the  electric  light,  on 
account  of  the  prohibitive  expense  and  trouble  of  running  a  battery 
large  enough  to  give  sufficient  current.  A  much  more  powerful 
and  cheaper  source  of  electrical  energy  was  needed  to  make  the 
electric  light  a  practical  success ;  therefore  little  or  no  progress 
was  made  until  the  discovery  by  Faraday,  in  1831,*  of  magneto- 
electric  induction,  which  was  almost  immediately  followed  by  the 
rapid  development  of  the  magneto-electric*  machine,  or  mechanical 
generator  of  electricity,  from  which  has  been  evolved  the  modem 
dynamo-electric  machine.  The  most  notable  of  the  first  machines 
were  those  of  Dal  Negro,t  Pixii,  %  Saxton  (1838),  §  and  Clarke 
(1835).  II  These  machines  were  all  similar  in  principle,  and  con- 
sisted essentially  of  coils  or  bobbins  of  copper  wire  and  a  per- 
manent magnet,  one  of  which  was  revolved  and  the  other  held 
stationary.  This  rotation  produced  primarily  an  alternating  cur- 
rent in  the  coils,  which  was  led  out  by  suitable  connections.  At 
the  suggestion  of  Ampere,**  a  commutator  was  added,  in  order 
to  obtain  a  direct  current;  that  is,  one  flowing  in  one  direction 
only.  These  magneto  machines  were  perfected  and  built  on  a 
larger  scale  by  other  experimenters. 

The  most  noteworthy  types  of  these  larger  machines  were 
the  "  Alliance  machine  "  and  the  "  Wilde  machine."  These 
forms  were  made  of  considerable  power ;  that  is  to  say,  they 
were  capable  of  generating  currents  of  several  horse-power,  and 
adapted  to  being  used  for  practical  work.  The  Alliance  machine 
originated  with  Nollet  in  1849,  and  was  improved  by  Holmes, 
Masson,  Du  Moncel,  and  others ;  and  in  1857  it  had  been  brought 
up  to  a  fairly  perfected  condition.  In  1863  this  machine  was 
applied  to  lighting  the  lighthouses  of  the  French  coast  by  elec- 
tricity. This  was  probably  the  first  important  practical  use  of 
the  electric  light,  and  is  therefore  of  great  interest.  About  the 
same  time  the  Wilde  machines  were  also  being  used  to  generate 
current  for  arc  lights ;  but  these  for  the  most  part  were  for  experi- 
mental or  exhibition  purposes.      These  machines,   it  should  be 

*  Experimental  Researches,  vol.  i.  p.  25.  t  Phil,  Mag,y  July,  1832. 

%  Ann.  Chim,  Rhys.,  vol.  1.  p.  322,  1832.  §  Phil.  Mag.,  1836.      ||  IHd. 

••  Ann.  Chim.  Phys.,  li.,  76,  1832. 
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xemembered,  were  up  to  that  time  of  the  magneto  type;  that 
is  to  say,  the  field  magnetism  was  produced  by  permanent  mag- 
nets. The  use  of  electro-magnets,  and  the  principle  of  self -exci- 
tation as  applied  to  the  modem  dynamo-electric  machine,  was 
developed  by  various  workers.  In  1845  Wheatstone  and  Cooke 
patented  the  use  of  electro-magnets  instead  of  permanent  mag- 
nets, which  were,  however,  to  be  excited  by  a  current  obtained 
from  some  source  outside  of  the  machine  itself,  being  what  is 
now  called  separately  excited.  Brett,  in  1848,  suggested  that 
the  permanent  magnetism  in  a  magneto  machine  might  be  in- 
creased by  the  current  of  the  machine  itself.  Sinsteden  inde- 
pendently made  a  similar  suggestion  in  1851.  Wilde,  in  1863, 
used  a  small  magneto  machine  to  supply  currents  to  an  electro- 
magnet which  formed  the  field  magnet  of  a  very  much  larger 
generator.  In  this  way  he  obtained  very  powerful  effects,  and 
made  a  machine  capable,  for  example,  of  fusing  a  copper  rod  of 
considerable  diameter.  The  definite  and  complete  invention  of 
the  principle  of  using  the  current  of  the  machine  itself  to  feed  its 
own  field  magnet  was  independently  and  almost  simultaneously 
announced  by  Werner  Siemens  to  the  Berlin  Academy  on  Jan.  17, 
1867,  and  by  Sir  Charles  Wheatstone  to  the  Royal  Society  of 
London  on  Feb.  14,  1867.  This  gave  to  the  world  the  modern 
dynamo-electric  machine,  upon  which,  more  than  anything  else,  the 
great  success  of  electric  lighting  and  almost  all  the  other  applica- 
tions of  electricity  depends.  The  next  important  step  in  the 
development  of  the  dynamo  was  the  improvement  of  the  arma- 
ture, which  up  to  that  time  had  been  quite  crude.  In  1860 
Pacinotti  designed,  and  in  1865  published*  a  description  of,  a 
machine  having  a  ring  armature  with  a  continuous  winding. 
This  is  the  essential  element  of  the  very  high  efficiency  direct- 
current  generators  of  the  present  day.  This  invention  was 
practically  ignored  until  it  was  independently  rediscovered  by 
Gramme  in  1870. 

The  invention  of  Pacinotti  had  been  merely  a  laboratory  experi- 
ment, whereas  Gramme  took  up  the  subject  as  an  engineer,  and 
-designed  and  constructed  many  successful  machines  of  this  type. 
In  1873  von  Hefner-Alteneck  applied  Gramme's  principle  of  a 
continuous  or  closed-coil  winding  to  the  shuttle  armature  invented 

•  Nuovo  Cimenio,  xix.,  378,  1866. 
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by  Werner  Siemens  in  1856.  The  Siemens  shuttle  armature, 
sometimes  called  the  I  armature  on  account  of  the  form  of  cross 
section  of  its  iron  core,  was  at  the  time  of  its  invention  a 
decided  improvement  over  the  bobbin  forms  of  armature  then  in 
use  in  regard  to  mechanical  construction  and  compactness;  but 
in  its  magnetic  and  electrical  action  it  is  radically  imperfect, 
principally  because  it  has  only  a  single  coil,  which  produces  a 
very  intermittent  effect.  The  Alteneck  armature,  on  the  other 
hand,  is  wound  with  a  number  of  coils  or  sections  of  wire  in 
different  planes,  and  is  therefore  continuous  and  steady  in  its 
action,  like  the  Gramme  armature.  The  only  difference  in  prin- 
ciple between  these  two  important  types  of  armature  is  the  fact 
that  the  iron  core  of  the  Gramme  armature  is  in  the  form  of 
a  ring,  while  that  of  the  Alteneck  armature  is  a  drum  or  cylin- 
der. In  fact,  these  terms  are  more  commonly  employed  to 
designate  the  two  types  of  armatures  than  the  names  of  their 
inventors.  Up  to  that  time  the  history  of  electric  lighting  had 
been  the  history  of  the  electric  generator,  because  a  good  source 
of  current  had  first  to  be  Obtained  before  any  real  progress  could 
be  made  in  applying  electricity  to  the  purpose  of  lighting.  But 
the  dynamo  machine  having  been  brought  up  to  a  reasonably 
practical  form,  it  was  available  to  form  a  solid  basis  for  the  aston- 
ishingly rapid  development  of  practical  electric  lighting  which 
then  began.  At  the  same  time  that  the  dynamo  was  being 
improved  the  problem  of  producing  a  satisfactory  electric  lamp 
was  also  being  grappled  with  ;  but  no  very  successful  results  had 
been  obtained.  Serrin  in  1857,  and  others,  had  constructed  arc 
lamps,  or  what  were  then  called  "regulators,"  which  consisted 
of  the  electric  arc  between  carbon  points  such  as  was  produced 
long  before  by  Davy,  with  the  addition  of  a  clock-work  or  other 
mechanism  for  feeding  the  carbons  together  as  they  burned 
away. 

The  incandescent  lamp  progressed  at  first  even  more  slowly 
and  imperfectly  than  the  arc  lamp.  Crude  forms  of  lamps  were 
devised  and  made  by  Starr  and  King  in  1845,  Staite  in  1848, 
and  others;  but  none  of  these  attempts  can  be  looked  upon  as 
anything  more  than  interesting  experiments  which  laid  the  foun- 
dation for  further  progress.  In  1876  there  existed  fairly  satis- 
factory forms  of  dynamo  machines  and  of  arc  lamps,  and  there 
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were  crude  forms  of  incandescent  lamps  ;  but  up  to  that  time  the 
work  that  had  been  done  consisted  of  separate  and  incomplete 
experiments.  What  was  lacking  was  a  complete  set  or  system  of 
apparatus  which  could  be  used  to  produce  electric  lighting  in  a 
practical  way,  or  rather  commercial  way.  This  putting  together 
of  the  necessary  elements,  even  though  they  may  already  exist 
separately,  is  often  a  more  important  and  difficult  step  in  the 
creation  of  a  new  art  than  the  invention  of  the  individual  parts, 
however  essential  each  may  be.  In  1878  and  1879,  the  times 
being  in  that  peculiar  state  when  they  are  ripe  for  very  rapid 
advance,  which  condition  usually  precedes  all  great  inventions  or 
industrial  enterprises,  there  occurred  almost  simultaneously  the 
bringing  forth  of  several  more  or  less  complete  systems  of  elec- 
tric lighting.  At  that  time  the  most  serious  difficulty  was  the 
so-called  "  subdivision  "  of  the  electric  light ;  that  is,  the  running 
of  several  lamps  from  the  same  source  of  current,  or  on  the  same 
circuit,  without  interfering  with  each  other.  This  bugbear  was 
greatly  exaggerated,  and  was  much  discussed  by  scientific  and 
technical  men  at  that  time,  some  of  whom  maintained  that  the 
subdivision  was  not  only  practically  but  theoretically  impossible. 
The  overcoming  of  this  difficulty  was  therefore  the  primary  object 
of  the  electric-lighting  systems  first  introduced.  Three  radically 
different  methods  were  almost  simultaneously  brought  out,  and 
put  into  quite  extensive  practical  use.  These  three  systems 
were  invented  and  developed  by  Jablochkoff  of  Paris;  Brush 
of  Cleveland,  O. ;  and  Edison  of  Menlo  Park,  N.J.  In  the  Jab- 
lochkoff system  the  subdivision  of  the  electric  light  was  ac- 
complished by  using  a  form  of  lamp  called  an  electric  candle, 
which  was  first  invented  by  him  in  1876.  It  consists  of  two  thin 
pencils  of  carbon  held  at  a  fixed  distance  apart  by  insulating 
material  in  the  form  of  a  strip  of  kaolin.  All  that  was  necessary 
to  operate  a  number  of  these  lights  on  the  same  circuit  success- 
fully was  to  connect  them  by  wires  in  a  simple  series,  so  that  the 
current  flowed  through  them  one  after  another.  The  arc  formed 
at  each  lamp  was  necessarily  of  constant  length,  and  there  was  no 
tendency  for  one  lamp  to  act  differently  from  the  others,  or  inter- 
fere with  them  in  any  way.  An  alternating  current  dynamo  was 
employed  to  supply  the  current,  in  order  that  the  two  pencils 
should  burn  at  the  same  rate.     The  Jablochkoff  system*  has  the 
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practical  difficulties  of  requiring  a  new  candle  to  be  switched  on 
every  two  hours,  and  the  cost  of  the  candles  made  the  light  rather 
expensive.  It  was  sufficiently  developed  to  be  used  for  lighting 
the  Avenue  de  L'Op^ra  and  other  places  in  Paris  in  1878,  and  it 
was  also  introduced  and  used  in  a  few  places  in  America;  but 
the  objections  stated  above  prevented  it  from  being  a  permanent 
success  commercially. 

In  the  Brush  system,  brought  out  in  1878,  arc  lamps  with 
regulating  mechanism  practically  identical  with  those  employed 
to-day  were  operated  in  series  on  a  single  circuit.  The  success 
of  this  system  was  due  to  the  fact  that  it  included  a  complete  set 
of  apparatus ;  that  is,  a  dynamo  having  a  current  regulator,  and 
arc  lamps  with  differential  coil  regulators  and  simple  ring-clutch 
mechanism,  which  lamps  could  be  operated  satisfactorily  in  series. 
Brush  also  invented  the  "  double-carbon  "  lamp ;  that  is,  a  lamp 
in  which  a  second  pair  of  carbons  are  automatically  thrown  into 
action  when  the  first  pair  are  used  up.  Before  the  introduction 
of  inclosed  arc  lamps  in  1893  this  feature  was  practically  essen- 
tial for  all-night  arc  lighting,  as  in  the  case  of  most  street-lamps. 
In  short.  Brush  gave  to  the  public  a  system  in  which  the  various 
elements  were  reasonably  good  in  themselves,  and  co-operated  to 
produce  a  fairly  economical  and  generally  satisfactory  method 
of  lighting.  Good  business  management  also  contributed  largely 
to  the  wide  use  and  original  success  of  the  Brush  apparatus. 

The  Edison  system,  which  was  developed  experimentally  dur- 
ing 1878-1879,  and  brought  out  commercially  in  1880,  made  use 
of  the  incandescent  instead  of  the  arc  lamp.  The  Edison  sys- 
tem contained  the  necessary  elements  for  a  successful  use  of  the 
incandescent  lamp,  which  elements  had  not  been  known  or  used 
previously,  although  the  system  is  apparently  very  simple.  These 
essential  elements  are :  First,  a  dynamo  having  an  armature  with 
a  very  low  internal  resistance ;  and  the  armature  introduced  by 
Edison  did  not  have  more  than  one-fifth  to  one-tenth  of  the 
resistance  of  similar  machines  used  by  others  prior  to  that  time. 
Second,  a  constant  potential  or  electrical  pressure  was  main- 
tained throughout  the  system  of  conductors,  to  which  the  lamps 
were  connected  in  parallel,  that  is,  in  branch  circuits,  so  that  the 
turning  on  or  off  or  breaking  of  a  lamp  did  not  affect  the  others. 
Third,  the  lamps  consisted  of   high-resistance  carbon  filaments 
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hermetically  sealed  in  glass  globes  in  an  almost  perfect  vacuum. 
High-resistance  filaments  are  practically  necessary  to  enable  the 
use  of  reasonably  high  voltage,  which  greatly  reduces  the  weight 
of  copper  required  for  the  conductors,  and  a  vacuum  is  required 
to  prevent  the  destruction  of  the  filament  and  the  loss  of  heat 
by  convection.  At  the  same  time  that  the  Edison  system  was 
brought  out,  or  soon  after,  other  inventors  were  working  on  sys- 
tems similar  to  the  above.  Important  contributions  to  the  prog- 
ress of  incandescent  lighting  were  made  in  lamps  and  other 
devices  by  Sawyer  and  Man,  Maxim  and  Weston,  in  America; 
also  by  Swan  and  Lane  Fox  in  England.  In  the  field  of  arc 
lighting,  Thomson  and  Houston  brought  out  a  complete  and 
very  successful  system,  which  had  the  radical  advantage  over 
the  Brush  system  that  the  regulator  for  controlling  the  current 
and  keeping  it  constant  was  superior  to  that  employed  by  Brush. 
Indeed,  the  great  success  of  the  Thomson-Houston  system  was 
largely  due  to  the  very  ingenious  and  effective  regulator  which 
they  applied  to  their  dynamo.  Another  arc-lighting  system  was 
brought  out  by  Weston ;  but  this  also  was  defective  in  not  hav- 
ing a  satisfactory  current  regulator,  although  the  dynamo  and 
lamp  were  exceedingly  well  designed  and  constructed,  consider- 
ing the  time  at  which  they  were  made.  In  Europe,  arc-lighting 
systems  have  been  developed  by  Siemens,  Krizig  &  Piette  (the 
**Pilsen  lamp"),  Crompton,  Gulcher,  and  other  inventors  and 
manufacturers;  but  arc  lighting  in  Europe  has  never  been  par- 
ticularly popular  or  extensively  used  even  up  to  the  present  day. 
A  system  of  electric  lighting  by  means  of  alternating  current 
transformers  was  invented  by  Gaulard  and  Gibbs  in  1882.  This 
system  was  based  on  the  early  experimental  work  with  induction 
coils  by  Faraday  in  1831,  Henry  in  1832,  Page  in  1835,  Sturgeon 
in  1837,  Ruhmkorff  in  1851,  and  others.  Gaulard  and  Gibbs 
made  the  fatal  error  of  running  the  transformers  in  series,  which  is 
impracticable.  In  1885  Zipernowsky,  Deri,  and  Blathy  brought 
out  a  system  in  which  this  mistake  was  corrected,  the  trans- 
formers being  worked  in  parallel.  The  alternating  current  trans- 
former system  was  extensively  and  successfully  introduced  in  the 
United  States  in  1887  by  the  efforts  of  Westinghouse,  Stanley, 
and  others.  The  great  saving  in  the  amount  of  copper  required 
for  the  distributing  conductors  in  this  system  caused  it  to  be 
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rapidly  and  widely  adopted.  In  the  meantime,  the  dynamo 
machine  was  being  gradually  but  steadily  perfected  by  the  various 
inventors  and  manufacturers,  for  use  in  their  electric-lighting 
systems.  Edison,  Brush,  Thomson,  Houston,  and  Weston,  all 
contributed  to  this  progress.  The  multipolar  dynamo  was  devel- 
oped by  Elphinstone  and  Vincent  in  1879  and  1880,  and  by 
Schuckert,  Gramme,  Gulcher,  Mordey,  and  others.  The  theoret- 
ical study  of  the  dynamo  was  taken  up  by  Clausius,  Sir  William 
Thomson,  and  Frolich.  The  last-named  brought  out  in  1880  a 
working  theory  which  is  still  of  practical  value.  A  great  advance 
in  the  theory  and  practical  design  of  dynamos  was  made  by 
J.  and  E.  Hopkinson  in  1886.*  Their  paper  laid  down  the  cor- 
rect theory,  and  embodied  a  method  of  designing  the  magnetic 
circuit  of  dynamo  machines,  which  up  to  that  time  had  been  very 
imperfectly  understood;  and  most  machines  at  that  time  were 
very  bad  in  this  respect.  Kapp  brought  out  in  1887  a  similar 
method  of  designing  the  field  magnets  of  dynamos ;  but  it  was 
largely  empirical,  and  not  so  complete  and  scientific  as  the  Hop- 
kinson method,  which  is  now  generally  used  by  the  best  electrical 
engineers.  Hopkinson  and  Edison  f  independently  invented  the 
three-wire  system  of  distribution,  which  makes  a  considerable  sav- 
ing in  the  amount  of  copper  required  for  low-tension  circuits. 
Incandescent  lamps  have  gradually  been  improved  in  cheapness 
and  efficiency,  and  the  mechanism  of  arc  lamps  has  been  perfected 
from  time  to  time.  Great  improvements  have  been  made  in  the 
last  few  years  in  the  construction  of  large  direct-coupled  steam- 
engines  and  multipolar  dynamos  for  central  stations.  Enormous 
progress  has  also  been  made  in  the  general  perfection  of  the 
various  details  of  electric-lighting  plants.  The  insulation  of  elec- 
trical conductors  has  been  very  greatly  improved.  Storage  bat- 
teries have  been  extensively  applied  to  electric-light  stations  and 
isolated  plants  to  secure  greater  flexibility,  economy,  and  relia- 
bility. The  introduction  of  the  inclosed  arc  lamp  by  L.  B.  Marks 
in  1893  has  extended  the  life  of  a  pair  of  carbons  from  8  to  100 
hours,  thereby  greatly  reducing  the  cost  and  trouble  of  renewing 
them.  Alternating-current  arc  lamps,  both  open  and  inclosed, 
have  been  developed  to  the  point  of  rivalry  with  the  direct-current 

♦  Philosoph,  Transact,  of  tht  Royal  Society, 
t  U.  S.  Patent  No.  274290,  March,  20,  1888. 
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types.  The  Nernst  lamp,*  brought  out  in  1899,  has  a  filament 
composed  of  certain  metallic  oxides  which  must  first  be  heated  by 
a  flame  or  auxiliary  electrical  device  in  order  to  become  a  con- 
ductor. This  type  has  a  higher  efficiency  than  the  ordinary  car- 
bon filament-lamps.  The  Hewitt  lampf  first  exhibited  in  1901 
has  a  still  higher  efficiency.  It  consists  of  a  tube  containing 
mercury  vapor. 

For  further  study  of  the  general  history  of  lighting,  the  reader 
is  referred  to  the  following : — 

Histoire  du  Luminaire  depuis  Vepoque  romaine  jusqu* au  XIX* . 
Sieclcy  par  Ilenri-Ren^  D'Allemagne,  Paris,  1891. 

This  is  a  voluminous  treatise  on  the  history  of  all  methods  of 
artificial  illumination  from  ancient  to  modern  times.  The  artistic 
side  is  most  prominent,  but  technical  matters  of  construction  and 
operation  are  also  considered. 

For  the  history  of  electric  lighting  reference  may  be  made  to 
The  Electric  Light,  by  Alglave  and  Boulard ;  translated  by  T. 
O'Conor  Sloane;  edited  by  C.  M.  Lungren. 

Electric  Illumination,  by  James  W.  Dredge,  two  vols.,  London, 
1883-1885,  contains  the  most  complete  account  of  the  history 
of  electric  lighting  prior  to  the  dates  of  publication,  each  form  of 
dynamo  and  lamp  being  described  in  detail. 

Arc  and  Glow  Lamps,  by  Julius  Maier,  London,  1886,  contains 
illustrations  and  descriptions  of  many  forms  of  lamps.  The  Evo- 
lution of  the  Electric  Incandescent  Lamp,  by  F.  L.  Pope,  Eh'za- 
beth,  N.  J.,  1889,  gives  a  detailed  account  of  the  early  work  of 
Sawyer  and  Man,  and  Edison.  Marsden  J.  Perry  made  an  ad- 
dress on  the  history  of  electric  lighting  before  the  National  Elec- 
tric Association,  February,  1891  {Elec.  World,  Feb.  28,  1891); 
and  Charles  F.  Brush  gave  very  interesting  personal  reminiscences 
of  the  early  history  of  arc  lighting  before  the  same  body  in  Feb- 
ruary, 1S95  {EUc.  World,  March  2,  1895). 

Avery  complete  history  of  the  dynamo  is  contained  in  Thom- 
son's DyyiamO'Electric  Machinery  (Fifth  Edition,  pages  5-21). 

•  U.  S.  Patents  Nos.  685,  724-32,  Oct.  29,  1901.    Transactions  Amer,  Inst,  EUc. 
Eng,,  Aug.  1901. 

f  Electrical  Review,  New  York,  April  27,  1901. 
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CHAPTER    III. 

OBNBRAL  UNITS  AND  MBASURES. 

The  general  principles  of  electricity  should  first  be  studied 
and  understood  before  one  attempts  to  take  up  the  subject  of 
electric  lighting  or  other  branch  of  electrical  science,  whether 
theoretical  or  applied.  In  electrical  books  it  has  been  a  common 
practice  to  devote  a  great  deal  of  space  to  first  principles  ;  in 
fact,  it  is  no  exaggeration  to  say  that  from  one-quarter  to  one-half 
of  almost  every  book  which  treats  of  some  particular  branch  of 
applied  electricity  is  taken  up  by  a  discussion  of  the  elementary 
facts  of  electricity  and  magnetism.  The  result  has  been  that  the 
first  parts  of  almost  all  electrical  books  are  practically  identical, 
and  the  subject  itself  is  hardly  touched  until  nearly  one-half  of 
the  space  has  been  used  up,  which  greatly  curtails  the  real  sub- 
ject-matter. This  practice  is  obviously  unnecessary,  and  most 
readers  skip  the  first  part  before  they  find  anything  that  interests 
them.  The  source  from  which  to  obtain  a  suflScient  knowledge  of 
the  fundamental  principles  is  some  elementary  or  general  treatise ; 
and  the  reader,  if  not  already  familiar  with  the  subject,  is  referred 
to  such  treatises,  and  recommended  to  acquire  a  general  knowl- 
edge of  electricity  before  attempting  to  master  electric  lighting  or 
any  other  application  of  electricity.  There  are,  however,  certain 
important  facts  and  principles  which  are  of  special  significance  in 
connection  with  any  particular  subject. 

Furthermore,  there  is  a  certain  amount  of  choice  in  the  selec- 
tions of  units,  standards,  terms,  and  definitions,  which  make  it 
desirable  for  each  author  to  specify  exactly  which  of  these  he 
employs ;  otherwise,  considerable  confusion  and  uncertainty  might 
arise  in  the  mind  of  the  reader,  because  different  authors  employ 
quite  different  standards,  terms,  etc.  There  is,  fortunately,  a  strong 
tendency  towards  uniformity  and  definiteness  in  regard  to  elec- 
trical units  and  terms,  and  each  year  sees  considerable  advance  in 
this  direction.  The  most  important  example  of  this  is  the  univer- 
sal adoption  of  the  "  International  "  volt,  ohm,  and  other  electrical 
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units,  which  are  no  longer  abstract,  as  they  formerly  were,  but 
are  concrete  and  material  standards.  We  have,  on  the  other 
hand,  quite  a  large  increase  in  the  number  of  electrical  terms 
and  units,  due  to  the  rapid  progress  of  knowledge ;  but  such  new 
terms  must  necessarily  be  experimental  and  unsettled  until  they 
are  found  to  be  not  only  correct,  but  useful.  In  fact,  the  test  of 
utility  alone  largely  determines  the  question  of  whether  a  new 
term  or  unit  is  worthy  of  adoption.  The  outcry  against  the  intro- 
duction of  any  new  electrical  term  is  futile,  because  they  are  the 
inevitable  result  of  progress  and  more  exact  knowledge.  The 
simple  fact  is,  that  the  time  is  soon  coming  when  no  one  person 
can  be  master  of  more  than  one  or  at  most  a  few  branches  of 
electricity.  On  the  other  hand,  the  multiplication  of  new  units 
and  terms  can  be,  and  often  is,  carried  too  far.  It  is  not  desira- 
ble to  have  a  name  for  every  possible  quantity  or  combination  of 
quantities,  and  it  is  still  more  superfluous  to  give  names  to  the 
reciprocals  of  all  these  quantities.  Such  matters,  however,  take 
care  of  themselves,  and  time  will  show  what  is  necessary  or  desir- 
able. It  may  be  the  duty  of  future  electrical  congresses  to  abolish 
units  and  terms  which  are  found  to  be  useless. 

In  the  present  work  it  was  thought  best  to  put  the  various 
principles  with  the  particular  subject  to  which  they  naturally 
belong;  for  example,  the  data  of  electromagnetism  are  given  in 
connection  with  the  dynamo.  There  are,  however,  certain  fun- 
damental units  which  are  used  in  many  branches,  and  a  few  of 
these  are  given  in  this  chapter  for  convenience.  The  necessity 
for  this  is  increased  by  the  unfortunate  fact  that  both  the  metric 
and  English  systems  of  measure  are  used  in  electrical  engineer- 
ing ;  and  we  are  practically  forced  to  use  both,  and  often  the  two 
systems  are  actually  mixed  in  the  same  sentence!  Hence  the 
ratios  for  converting  one  system  into  the  other  are  often  needed. 

There  seems  to  be  no  way  to  avoid  this  at  present,  and  the 
transition  must  be  made  gradually.  Indeed,  it  will  be  extremely 
difficult  to  change  the  measurements  of  wires,  machines,  etc., 
which  are  always  manufactured  and  measured  in  terms  of  inches 
and  feet.  But  in  some  cases  the  use  of  centimeters  and  other 
metric  units  involves  no  serious  trouble,  and  the  centigrade  ther- 
mometer scale  can  often  be  substituted  for  the  senseless  Fahren- 
heit scale,  thus  accustoming  ourselves  to  the  change. 
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In  Steam-engineering,  however,  the  English  system  is  still 
employed  almost  exclusively,  and  in  many  cases  we  must  even 
use  Fahrenheit  heat  units  in  order  to  be  understood.  It  does 
more  harm  than  good  to  attempt  to  force  these  matters  ;  and  a 
book  in  the  English  language  which  uses  one  system  exclusively 
is  very  inconvenient  to  a  large  fraction  of  its  readers,  and  is  not 
suited  to  the  present  times. 

The  following  tables  are  given  to  facilitate  the  conversion  of 
metric  into  English  units,  or  vice  versa.  The  logarithms  (six- 
figure)  of  each  number  are  also  given.  In  most  cases  four-place 
logarithms  are  sufficiently  accurate ;  hence  a  space  is  left  between 
the  fourth  figure  and  the  last  two,  so  that  the  latter  may  be  easily 
omitted.  Approximate  values  for  mental  calculations  are  given  in 
many  instances,  the  error  being  usually  less  than  one  per  cent. 


MEASURES    OF    LENGTH. 


APPROX. 
VALUB. 

ACTUAL 
NUMBBR. 

UOGAKITHM. 

Millimeters  in  one  inch    . 

25 

25.4 

1.4048  34 

Centimeters  in  one  inch  . 

2J 

2.54 

.4048  34 

Centimeters  in  one  foot   . 

30J 

30.48 

1.4840  15 

Meters  in  one  foot .     .     . 

tV 

.30480 

1.484015 

Meters  in  one  yard     .     . 

\\ 

.91440 

1.9611  36 

Meters  in  one  statute  mile 

1609.35 

3.2066  50 

Kilometers  in  one  mile    . 

W     \\     \\     \\        \\ 

1.60935 

.2066  50 

Inches  in  one  centimeter . 

\ 

.3937 

1.5951  65 

Inches  in  one  meter    .     . 

39i 

39.37 

1.5951  65 

Feet  in  one  meter  .     .     . 

3i 

3.28083 

.5159  87 

Feet  in  one  mile    .     .     . 

5280. 

3.7226  34 

Feet  in  one  kilometer 

3280.83 

3.5159  87 

Yards  in  one  meter     ,     . 

;;'.;.'.'  .*  .*   x^ 

1.09361 

.0388  65 

Yards  in  one  mile  .     .     . 

1760. 

3.2455  13 

Miles  in  one  kilometer     . 

\  \  \  \  \  \  \  \    \ 

MEASURES    OF    AREA. 

.62137 

1.7933  50 

APPROX. 
VALUE. 

ACTUAL 
NUMBER. 

LOGARITHM. 

Square  millimeters  in  one  square  inch     .... 

645.16 

2.8096  68 

Square  centimeters  in  one  square  inch 

6i 

6.4516 

.8096  68 

Square  centimeters  in  one  square  foot 

929.03 

2.9680  30 

Square  meters  in  one  square 

foot   .      .      , 

A 

.092903 

.9680  30 

Square  kilometers  in  one  square  mile  . 

n 

2.59 

.4133 

Square  inches  in  one  square 

centimeter 

■h 

.155 

1.1903  32 

Square  inches  in  one  square 

meter 

1550. 

3.1903  32 

Square  feet  in  one  square  meter     .     . 

.      lOi 

10.764 

1.0319  74 

Square  yards  in  one  square  i 

neter  .     . 

n 

1.196 

.0777  31 

Square  miles  in  one  square  kilometer . 

i 

.3861 

1.5867 
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MEASURES    OF   VOLUME. 

APPROX. 
VALUB. 

CuMc  centimeters  in  one  cubic  inch   •    .     .     .     .       16} 

Cubic  centimeters  in  one  cubic  foot 

Cubic  meters  in  one  cubic  yard I 

Cubic  inches  in  one  cubic  centimeter -^ 

Cubic  feet  in  one  cubic  meter 85i 

Cubic  yards  in  one  cubic  meter 

Cubic  centimeters  in  one  quart  (U.  S.  Liquid)  .     • 
Cubic  centimeters  in  one  gallon  (Imperial) .     .     . 

Liters  in  one  quart  (U.  S.  Liquid) 

Liters  in  one  gallon  (Imperial) 4 

Cubic  inches  in  one  liter 


ACTUAL. 
NUMBSR. 

LOGARITHIL 

16.887 

1.2145 

28816. 

4.4620  30 

.7645 

1.8838  77 

.06102 

2.7854  72 

36.32 

1.5480  21 

1.808 

.1166 

046.3 

2.9760  80 

4642. 

8.6572  60 

.9468 

1.9760  30 

4.642 

.6572  50 

61.02 

1.7854  72 

MEASURES    OF    WEIGHT. 

APPROX.  ACTUAL 

VALUB.  NUMBER. 

Grams  in  one  pound  (avoirdupois) 453.59 

Kilograms  in  one  pound  (avoirdupois)      ....          W  .45369 

Milligrams  in  one  grain 65  64.799 

Grains  in  one  gram 15|  15.432 

Ounces  (avdp.)  in  one  kilogram 36 J  35.274 

Pounds  (avdp.)  in  one  kilogram 2^^  2.2046 

Short  tons  (2000 lbs.)  in  one  metric  ton  (1000  kg.)         1^  1.1023 

Long  tons  (2240  lbs. )  in  one  metric  ton  ( 1000  kg. )        1  .9842 

Metric  tons  (1000  kg.)  in  one  short  ton  (2000  lbs.)          ^^  .90719 

COMPOUND    UNITS.       (WORK    AND    PRESSURE.) 

APPROX.  ACTUAL 

VALUB.  NUMBER. 

Kilogram-meters  in  one  foot-poiAid .13826 

Foot-pounds  in  one  kilogram-meter 7^  7.233 

Kilograms  per  sq.  cm.  (pressure)  in  one  lb.  per  sq.  in.  .07081 

Pounds  per  sq.  inch  in  one  kg.  per  sq.  cm.    .     .     .       14}  14.223 


LOGARITHM. 

2.6566  66 
1.6566  66 
1.8115  68 
1.1884  30 
1.5474  65 
.3433  34 
.0423  04 
1.9930  83 
1.9576  96 


LOGARITHM. 

1.1406  65 

.8593  20 

2.8470  14 

1.1529  90 


MEASURES    OF    HEAT. 

These  are  given  in  connection  with  the  subjects  of  the  steam-engine  and  arc  and 
incandescent  lamps,  where  they  naturally  belong.  The  conversion  of  centigrade  tem- 
peratures into  Fahrenheit,  or  vice  versa ^  has  to  be  performed  so  often,  however,  that 
the  data  are  given  here.  To  convert  centigrade  degrees  into  Fahrenheit,  multiply  by 
{  or  1.8,  and  add  32.  To  convert  Fahrenheit  degrees  into  centigrade,  subtract  32,  and 
multiply  by  )  ;  that  is,  — 

//=l''c  +  32  and  /.  =  f(/,-32). 

The  values  of  the  various  units  of  beat  are  not  always  given  exactly  the  same,  for 
the  reason  that  the  original  value  obtained  by  Joule  for  the  mechanical  equivalent  of 
heat  was  772  foot-pounds  for  one  pound  of  water  heated  one  degree  Fahrenheit.  The 
later  experiments  of  Rowland  show  that  this  should  be  about  780  foot-pounds,*  depend- 
ing upon  the  specific  heat  of  water  and  the  force  of  gravity. 


•  Everett's  C  G.  S.  SysUwi  0/ Units,  1881  Edit.,  pp.  99-101. 
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Accepting  the  latter  value,  we  have  the  following  relations :  — 

780  rt..lb8.  per  lb..deg.  F.  1404  ft.-lbs.  per  Ib.-deg.  C. 

428  kgm. -meters  per  kg.-deg.  C.  4.2  X  lO'  ergs  per  gnn.-<leg.  C 

4.2  Joules  (Watt-seconds)  per  grm.-deg.  C. 

The  grm.-deg.  C.  is  the  amount  of  heat  required  to  raise  the  temperature  of  one 
gram  of  water  one  degree  Cent.,  and  is  called  the  gram-calorie. 

XIiECTBIOAIi   UJNrrB. 

Formerly  the  electrical  units  were  defined  somewhat  abstractly, 
and  there  were  considerable  discrepancies  between  the  various 
determinations  of  the  ohm.  The  result  was  that  three  values  for 
the  ohm  and  volt  have  been  adopted  and  used.  These  are  the 
British  Association  (B.A.)  ohm  and  volt,  the  "  Legal "  ohm  and 
volt,  and,  finally,  the  International  ohm  and  volt.  The  value  of 
the  ampere  has  not  changed  materially  since  its  absolute  value 
was  easily  and  accurately  obtained  by  the  tangent  galvanometer. 

This  confusion  has  been  overcome  by  the  recommendations 
of  the  International  Electrical  Congress,  held  at  Chicago,  August, 
1893,  which  have  been  adopted  and  legalized  by  the  United 
States,  England,  Germany,  and  other  countries. 

Thus  the  ohm,  volt,  and  other  electrical  units  have  definite, 
and  probably  ^;w/,  values  all  over  the  world. 

The  Act  of  the  United  States  Congress  legalizing  these  units 
is  as  follows: — 

AN  ACT 

To  define  and  establish  the  units  of  electrical  measure. 

Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United 
States  of  America  in  Congress  assembled^  That  from  and  after  the  passage  of 
this  Act  the*  legal  units  of  electrical  measure  in  the  United  States  shall  be  as 
follows ;  — 

First.  The  unit  of  resistance  shall  be  what  is  known  as  the  International 
ohm,  which  is  substantially  equal  to  one  thousand  million  units  of  resistance 
of  the  centimeter-gram-second  system  of  electro-magnetic  units,  and  is  repre- 
sented by  the  resistance  offered  to  an  unvarying  electric  current  by  a  column 
of  mercury  at  the  temperature  of  melting  ice  fourteen  and  four  thousand  five 
hundred  and  twenty-one  ten- thousandths  (14.4521)  grams  in  mass,  of  a  con- 
stant cross-sectional  area,  and  of  the  length  of  one  hundred  and  six  and  three 
tenths  (106.3)  centimeters. 

Second.  The  unit  of  current  shall  be  what  is  known  as  the  international 
ampere,  which  is  one-tenth  of  the  unit  of  current  of  the  centimeter-gram-second 
system  of  electro-magnetic  units,  and  is  the  practical  equivalent  of  the  unvary- 
ing current,  which,  when  passed  through  a  solution  of  nitrate  of  silver  in  water 
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in  accordance  with  standard  specifications,  deposits  silver  at  the  rate  of  one 
thousand  one  hundred  and  eighteen  millionths  (.001118)  of  a  gram  per 
second. 

Third,  The  unit  of  electro-motive  force  shall  be  what  is  known  as  the 
international  volt,  which  is  the  electro-motive  force  that,  steadily  applied  to  a 
conductor  whose  resistance  is  one  international  ohm,  will  produce  a  current  of 
an  international  ampere,  and  is  practically  equivalent  to  one  thousand  fourteen 
hundred  and  thirty-fourths  (H}})  ^^  ^^  electro-motive  force  between  the  poles 
or  electrodes  of  the  voltaic  cell  known  as  Clark's  cell,  at  a  temperature  of 
fifteen  degrees  centigrade,  and  prepared  in  the  manner  described  in  the 
standard  specifications. 

Fourth,  The  unit  of  quantity  shall  be  what  is  known  as  the  international 
coulomb,  which  is  the  quantity  of  electricity  transferred  by  a  current  of  one 
international  ampere  in  one  second. 

Fifth,  The  unit  of  capacity  shall  be  what  is  known  as  the  international 
farad,  which  is  the  capacity  of  a  condenser  charged  to  a  potential  of  one  inter- 
national volt  by  one  international  coulomb  of  electricity. 

Sixth,  The  unit  of  work  shall  be  the  Joule,  which  is  equal  to  ten  million 
units  of  work  in  the  centimeter-gram-second  system,  and  which  is  practically 
equivalent  to  the  energy  expended  in  one  second  by  an  international  ampere 
in  an  international  ohm. 

Seventh,  The  unit  of  power  shall  be  the  Watt,  which  is  equal  to  ten 
million  units  of  power  in  the  centimeter-gram-second  system,  and  which  is 
practically  equivalent  to  the  work  done  at  the  rate  of  one  Joule  per  second. 

Eighth,  The  unit  of  induction  shall  be  the  Henry,  which  is  the  induction 
in  a  circuit  when  the  electro-motive  force  induced  in  this  circuit  is  one  inter- 
national volt,  while  the  inducing  current  varies  at  the  rate  of  one  ampere  per 
second. 

Sec.  2.  That  it  shall  be  the  duty  of  the  National  Academy  of  Sciences  to 
prescribe  and  publish,  as  soon  as  possible  after  the  passage  of  this  Act,  such 
specifications  of  details  as  shall  be  necessary  for  the  practiod  application  of  the 
definitions  of  the  ampere  and  volt  hereinbefore  given,  and  such  specifications 
shall  be  the  standard  specifications  herein  mentioned. 

^/^^^^Julyl2,  1894. 

The  specifications  prescribed  by  the  National  Academy  of 
Sciences  in  accordance  with  the  last  section  of  the  above  act 
are  as  follows  :  — 

SPECIFICATIONS    FOR   THE   PRACTICAL    APPLICATION    OF   THE 
DEFINITIONS    OF    THE   AMPERE    AND    VOLT. 

Specification  A. —  The  Ampere, 

In  employing  the  silver  voltameter  to  measure  currents  of  about  one  ampere, 
the  following  arrangements  shall  be  adopted :  — 

The  cathode  on  which  the  silver  is  to  be  deposited  shall  take  the  form  of  a 
platinum  bowl  not  less  than  10  centimeters  in  diameter,  and  from  4  to  5  centi- 
meters in  depth. 
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The  anode  shall  be  a  disk  or  plate  of  pure  silver  some  dO  square  centimeters 
in  area,  and  2  or  3  millimeters  in  thickness. 

This  shall  be  supported  horizontally  in  the  liquid  near  the  top  of  the  solution 
by  a  silver  rod  riveted  through  its  center.  To  prevent  the  disintegrated  silver 
which  is  formed  on  the  anode  from  falling  upon  the  cathode,  the  anode  shall  be 
wrapped  around  with  pure  filter  paper,  secured  at  the  back  by  suitable  folding. 

The  liquid  shall  consist  of  a  neutral  solution  of  pure  silver  nitrate,  containing 
about  15  parts  by  weight  of  the  nitrate  to  85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the  current  passes. 
To  prevent  these  changes  having  too  great  an  effect  on  the  current,  some  resist- 
ance besides  that  of  the  voltameter  should  be  inserted  in  the  circuit.  The  total 
metallic  resistance  of  the  circuit  should  not  be  less  than  10  ohms. 

Method  of  making  a  Measurement.  —  The  platinum  bowl  is  to  be  washed 
consecutively  with  nitric  acid,  distilled  water,  and  absolute  alcohol ;  it  is  then  to 
be  dried  at  160°  C,  and  left  to  cool  in  a  desiccator.  When  thoroughly  cool  it 
is  to  be  weighed  carefully. 

It  is  to  be  nearly  filled  with  the  solution,  and  connected  to  the  rest  of  the  cir^ 
cult  by  being  placed  on  a  clean  insulated  copper  support  to  which  a  binding- 
screw  is  attached. 

The  anode  is  then  to  be  immersed  in  the  solution  so  as  to  be  well  covered 
by  it,  and  supported  in  that  position ;  the  connections  to  the  rest  of  the  circuit 
are  then  to  be  made. 

Contact  is  to  be  made  at  the  key,  noting  the  time.  The  current  is  to  be 
allowed  to  pass  for  not  less  than  half  an  hour,  and  the  time  of  breaking  contact 
observed. 

The  solution  is  now  to  be  removed  from  the  bowl,  and  the  deposit  washed 
with  distilled  water,  and  left  to  soak  for  at  least  six  hours.  It  is  then  to  be 
rinsed  successively  with  distilled  water  and  absolute  alcohol,  and  dried  in  a  hot- 
air  bath  at  a  temperature  of  about  160°  C.  After  cooling  in  a  desiccator  it  is  to 
be  weighed  again.     The  gain  in  mass  gives  the  silver  deposited. 

To  find  the  time-average  of  the  current  in  amperes,  this  mass,  expressed  in 
grams,  must  be  divided  by  the  number  of  seconds  during  which  the  current  has 
passed  and  by  0.001118. 

In  determining  the  constant  of  an  instrument  by  this  method,  the  current 
should  be  kept  as  nearly  uniform  as  possible,  and  the  readings  of  the  instrument 
observed  at  frequent  intervals  of  time.  These  observations  give  a  curve  from 
which  the  reading  corresponding  to  the  mean  current  (time-average  of  the  cur- 
rent) can  be  found.  The  current,  as  calculated  from  the  voltameter  results, 
corresponds  to  this  reading. 

The  current  used  in  this  experiment  must  be  obtained  from  a  battery,  and 
not  from  a  dynamo,  especially  when  the  instrument  to  be  calibrated  is  an  elec- 
tro-dynamometer. 

Specification  B.— 7}^  Volt, 

Definition  and  Properties  of  the  Cell.  ^  The  cell  has  for  its  positive  elec- 
trode, mercury,  and  for  its  negative  electrode,  amalgamated  zinc ;  the  electrolyte 
consists  of  a  saturated  solution  of  zinc  sulphate  and  mercurous  sulphate.  The 
electro-motive  force  is  1.434  volts  at  15°  C. ;  and  between  10°  C.  and  25°  C,  by 
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the  increase  of  P  C.  in  temperature,  the  electro-motive  force  decreases  by  0.00115 
of  a  volt. 

1.  Preparation  of  the  Mercury,  —  To  secure  purity  it  should  be  first  treated 
with  acid  in  the  usual  manner,  and  subsequently  distilled  in  vacuo, 

2.  Preparation  of  the  Zinc  Amalgam,  —  The  zinc  designated  in  commerce  as 
"commercially  pure"  can  be  used  without  further  preparation.  For  the  prepa- 
ration of  the  amalgam  one  part  by  weight  of  zinc  is  to  be  added  to  nine  (9> 
parts  by  weight  of  mercury,  and  both  are  to  be  heated  in  a  porcelain  dish  at 
100°  C,  with  moderate  stirring  until  the  zinc  has  been  fully  dissolved  in  the 
mercury. 

3.  Preparation  of  the  Mercurous  Sulphate,  —  Take  mercurous  sulphate,  pur- 
chased as  pure,  mix  with  it  a  small  quantity  of  pure  mercury,  and  wash  the 
whole  thoroughly  with  cold  distilled  water  by  agitation  in  a  bottle ;  drain  off 
the  water,  and  repeat  the  process  at  least  twice.  After  the  last  washing,  draia 
off  as  much  of  the  water  as  possible.  (For  further  details  of  purification,  see 
Note  A.) 

4.  Preparation  of  the  Zinc  Sulphate  Solution,  —  Prepare  a  neutral  saturated 
solution  of  pure  re-crystallized  zinc  sulphate,  free  from  iron,  by  mixing  distilled 
water  with  nearly  twice  its  weight  of  crystals  of  pure  zinc  sulphate,  and  adding^ 
zinc  oxide  in  the  proportion  of  about  2  per  cent  by  weight  of  the  zinc  sulphate 
crystals,  to  neutralize  any  free  acid.  The  crystals  should  be  dissolved  with  the 
aid  of  gentle  heat,  but  the  temperature  to  which  the  solution  is  raised  must  not 
exceed  30°  C.  Mercurous  sulphate,  treated  as  described  in  3,  shall  be  added  in. 
the  proportion  of  about  12  per  cent  by  weight  of  the  zinc  sulphate  crystals, 
to  neutralize  the  free  zinc  oxide  remaining,  and  then  the  solution  filtered,  while 
still  warm,  into  a  stock  bottle.    Crystals  should  form  as  it  cools. 

5.  Preparation  of  the  Mercurous  Sulphate  and  Zinc  Sulphate  Paste,  —  For 
making  the  paste,  two  or  three  parts  by  weight  of  mercurous  sulphate  are  to  be 
added  to  one  by  weight  of  mercury.  If  the  sulphate  be  dry,  it  is  to  be  mixed 
with  a  paste  consisting  of  zinc  sulphate  crystals  and  a  concentrated  zinc  sulphate 
solution,  so  that  the  whole  constitutes  a  stiff  mass,  which  is  permeated  through- 
out by  zinc  sulphate  crystals  and  globules  of  mercury.  If  the  sulphate,  however, 
be  moist,  only  zinc  sulphate  crystals  ai^  to  be  added ;  care  must,  however,  be 
taken  that  these  occur  in  excess,  and  are  not  dissolved  after  continued  standing. 
The  mercury  must  in  this  case  also  permeate  the  paste  in  little  globules.  It  is 
advantageous  to  crush  the  zinc  sulphate  crystals  before  using,  since  the  paste  can 
then  be  better  manipulated. 

To  set  up  the  Cell.  —  The  containing  glass  vessel, 
represented  in  the  accompanying  figure,  shall  consist  of 
two  limbs  closed  at  bottom  and  joined  above  to  a  com- 
mon neck  fitted  with  a  ground-glass  stopper.  The 
diameter  of  the  limbs  should  be  at  least  2  centimeters, 
and  their  length  at  least  3  centimeters.  The  neck 
should  be  not  less  than  1.5  centimeter  in  diameter. 
At  the  bottom  of  each  limb  a  platinum  wire  of  about 
0.4  millimeter  diameter  is  sealed  through  the  glass. 

To  set  up  the  cell,  place  in  one  limb  pure  mercury, 
and  in  the  other  hot  liquid  amalgam,  containing  90  parts 
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mercury  and  10  parts  zinc.  The  platinum  wires  at  the  bottom  must  be  com- 
pletely covered  by  the  mercury  and  the  amalgam  respectively.  On  the  mer- 
cury place  a  layer  one  centimeter  thick  of  the  zinc  and  mercurous  sulphate 
paste  described  in  5.  Both  this  paste  and  the  zinc  amalgam  must  then  be 
covered  with  a  layer  of  the  neutral  zinc  sulphate  crystals  one  centimeter  thick. 
The  whole  vessel  must  then  be  filled  with  the  saturated  zinc  sulphate  solution, 
and  the  stopper  inserted  so  that  it  shall  just  touch  it,  leaving,  however,  a 
small  bubble  to  guard  against  breakage  when  the  temperature  rises. 

Before  finally  inserting  the  glass  stopper,  it  is  to  be  brushed  round  its 
upper  edge  with  a  strong  alcoholic  solution  of  shellac,  and  pressed  firmly 
in  place.     (For  details  of  filling  the  cell,  see  Note  B.) 

NOTES    TO    THE    SPECIFICATIONS. 

(A)  The  Mercurous  Sulphate,  —  The  treatment  of  the  mercurous  sulphate 
has  for  its  object  the  removal  of  any  mercuric  sulphate,  which  is  often  present  as 
an  impurity. 

Mercuric  sulphate  decomposes  in  the  presence  of  water  into  an  acid  and  a 
basic  sulphate.  The  latter  is  a  yellow  substance  —  turpeth  mineral  —  practi- 
cally insoluble  in  water ;  its  presence,  at  any  rate  in  moderate  quantities,  has 
no  effect  on  the  cell.  If,  however,  it  be  formed,  the  acid  sulphate  is  also 
formed.  This  is  soluble  in  water,  and  the  acid  produced  affects  the  electro- 
motive force.  The  object  of  the  washings  is  to  dissolve  and  remove  this  acid 
sulphate,  and  for  this  purpose  the  three  washings  described  in  the  specification 
will  suffice  in  nearly  all  cases.  If,  however,  much  of  the  turpeth  mineral  be 
formed,  it  shows  that  there  is  a  great  deal  of  the  acid  sulphate  present ;  and  it 
will  then  be  wiser  to  obtain  a  fresh  sample  of  mercurous  sulphate,  rather  than 
to  try  by  repeated  washings  to  get  rid  of  all  the  acid. 

The  free  mercury  helps  in  the  process  of  removing  the  acid ;  for  the  acid 
mercuric  sulphate  attacks  it,  forming  mercurous  sulphate. 

Pure  mercurous  sulphate,  when  quite  free  from  acid,  shows  on  repeated 
washing  a  faint  yellow  tinge,  which  is  due  to  the  formation  of  a  basic  mercu- 
rous salt  distinct  from  the  turpeth  mineral,  or  basic  mercuric  sulphate.  The 
appearance  of  this  primrose-yellow  tint  may  be  taken  as  an  indication  that  all 
the  acid  has  been  removed ;  the  washing  may  with  advantage  be  continued  until 
this  tint  appears. 

(B)  Filltnc^  the  Cell.  —  After  thoroughly  cleaning  and  drying  the  glass  ves- 
sel, place  it  in  a  hot-water  bath.  Then  pass  through  the  neck  of  the  vessel  a 
thin  glass  tube,  reaching  to  the  bottom,  to  serve  for  the  introduction  of  the 
amalgam.  This  tube  should  be  as  large  as  the  glass  vessel  will  admit.  It 
serves  to  protect  the  upper  part  of  the  cell  from  being  soiled  with  the  amalgam. 
To  fill  in  the  amalgam,  a  clean  dropping-tube  about  10  centimeters  long,  drawn 
out  to  a  fine  point,  should  be  used.  Its  lower  end  is  brought  under  the  surface 
of  the  amalgam,  heated  in  a  porcelain  dish,  and  some  of  the  amalgam  is  drawn 
into  the  tube  by  means  of  the  nibher  bulb.  The  point  is  then  quickly  cleaned  of 
dross  with  filter  paper,  and  is  passed  through  the  wider  tube  to  the  bottom,  and 
emptied  by  pressing  the  bulb.  The  point  of  the  tube  must  be  so  fine  that  the 
amalgam  will  come  out  only  on  squeezing  the  bulb.     This  process  is  repeated 


Committee* 


GENERAL   UNITS  AND  MEASURES.  27 

until  the  limb  contains  the  desired  quantity  of  the  amalgam.  The  vessel  is 
then  removed  from  the  water-bath.  After  cooling,  the  amalgam  must  adhere  to 
the  glass,  and  must  show  a  clean  surface  with  a  metallic  luster. 

For  insertion  of  the  mercury,  a  dropping-tube  with  a  long  stem  will  be 
found  convenient.  The  paste  may  be  poured  in  through  a  wide  tube  reaching 
nearly  down  to  the  mercury,  and  having  a  funnel-shaped  top.  If  the  paste  does 
not  move  down  freely,  it  may  be  pushed  down  with  a  small  glass  rod.  The 
paste  and  the  amalgam  are  then  both  covered  with  the  zinc  sulphate  crystals 
before  the  concentrated  zinc  sulphate  solution  is  poured  in.  This  should  be 
added  through  a  small  funnel,  so  as  to  leave  the  neck  of  the  vessel  clean 
and  dry. 

For  convenience  and  security  in  handling,  the  cell  may  be  mounted  in  a 
suitable  case,  so  as  to  be  at  all  times  open  to  inspection. 

In  using  the  cell,  sudden  variations  of  temperature  should,  as  ^  as  possi- 
ble, be  avoided,  since  the  changes  in  electro-motive  force  lag  behind  those  of 
temperature. 

Respectfully  submitted. 

Henry  A.  Rowland, 

Ckatrmam. 

Henry  L.  Abbot, 
George  F.  Barker, 
Charles  S.  Hastings, 
Albert  A.  Michelson, 
John  Trowbridge, 
Carl  Barus, 

At  a  meeting  of  the  National  Academy  of  Sciences,  held  in  New  York 
Feb.  9,  1895,  the  above  report  was  accepted  and  unanimously  adopted  by  the 
Academy. 

At  the  same  meeting  it  was  voted  by  the  National  Academy  of  Sciences  to 
prescribe  and  to  publish  the  specifications  of  details  necessary  for  the  practical 
application  of  the  definitions  of  the  ampere  and  volt,  as  required  by  the  law 
of  July  12,  1894. 

O.  C.  Marsh, 

PmitUnt  of  the  NaiwHol  Academy  <ff  Sciences, 

Asaph  Hall, 

Home  Secretary, 
MA-GNITFIC  UNITS. 

These  are  given  in  the  beginning  of  the  chapter  on  "  Princi- 
ples and  Construction  of  the  Dynamo,"  where  they  may  be  more 
conveniently  and  concretely  considered. 

Miscellaneous  Units,  Standards^  and  Terms  employed  in  the 
various  branches  of  the  subject  are  defined  or  explained  as  far  as 
possible  where  they  occur. 
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CHAPTER  IV. 

CLASSICFICATION    AND    SELECTION    OF    BLECTRIC-LiaHTINa 

SYSTEMS. 

Electric-lighting  classification,  like  that  of  almost  any  sub- 
ject, is  more  or  less  arbitrary,  and  is  adopted  merely  for  conven- 
ience. Considered  in  this  light,  classification  is  a  great  help ; 
but  we  should  carefully  avoid  the  common  mistake  of  forcing  it 
too  far  by  attempting  to  make  the  facts  fit  the  classification^ 
instead  of  the  classification  fitting  the  facts. 

Electric-lighting  apparatus  may  be  classified  with  reference  to 
various  considerations.  For  example,  it  may  be  classified  with 
reference  to  the  system  as  a  whole,  or  with  reference  to  some  of 
its  most  important  elements  or  characteristics. 

Central  Stations  and  Isolated  Plants.  —  Considered  as  a  whole^ 
electric-lighting  systems  may  be  divided  into  two  important 
classes,  —  central  stations  and  isolated  plants.  These  two  classes 
sometimes  merge  into  each  other,  and  peculiar  cases  might  occur 
which  would  be  on  the  dividing  line  ;  but  ordinarily  the  distinction 
between  the  two  is  radical,  and  introduces  considerable  differences 
in  design,  construction,  and  operation.  In  fact,  these  two  types 
of  plant  must  be  considered  as  quite  different  problems  in  elec- 
trical engineering,  and  usually  there  is  no  difficulty  in  distinguish- 
ing between  them.  A  central  station  electric-lighting  system  is 
usually  extensive  and  elaborate  technically,  and  quite  complicated 
and  difficult  in  its  business  management.  It  consists  of  a  large 
and  complete  collection  of  machinery  for  generating  and  control- 
ling the  electric  current.  This  generating-plant  is  usually  con- 
tained in  one  or  more  buildings  entirely  devoted  to  it,  and 
probably  specially  built  for  it.  The  central  station  is  usually 
owned  and  operated  by  a  company  having  no  other  business. 
From  the  central  station  a  large  number  of  electrical  conductors 
run  out  in  every  direction.  These  conductors  supply  electric 
current  to  feed  lamps  for  many  different  purposes,  and  for  the 
use  of  many  different  and  independent  customers ;  and  a  separate 
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measurement  or  estimate  of  current  and  charge  therefor  is  made 
in  the  case  of  each  customer. 

Isolated  electric-lighting  plants,  on  the  other  hand,  are  com* 
paratively  small  and  simple  in  construction  and  management. 
They  are  usually  entirely  local ;  that  is,  the  plant  supplies  current 
for  lighting  a  single  building  or  group  of  buildings.  The  gener- 
ating plant  or  machinery  is  ordinarily  located  in  the  cellar,  or 
some  small  portion  of  the  building.  An  isolated  plant  usually 
supplies  current  only  to  its  owner  or  his  tenants,  and  is  owned 
and  operated  by  a  private  individual,  company,  or  institution,  and 
constitutes  only  a  small  and  incidental  part  of  its  affairs.  Light 
is  supplied  to  the  various  buildings,  or  parts  of  the  building, 
usually  without  attempting  to  make  separate  measurements  or 
charges,  which  eliminates  the  somewhat  troublesome  element  of 
meters,  and  greatly  simplifies  the  business  management. 

Incandescent  and  Arc  Lighting.  —  Electric  lighting  may  also  be 
classified  with  reference  to  the  lamps ;  that  is,  we  have  incan- 
descent-lighting and  arc-lighting  systems.  A  few  years  ago  it 
could  have  been  said  that  incandescent  systems  were  operated  at 
constant  potential,  that  is,  constant  voltage,  the  lamps  being  con- 
nected to  the  circuit  in  parallel ;  and  it  could  have  been  said  that 
arc  systems  were  almost  invariably  supplied  with  a  constant  cur- 
rent, that  is,  one  having  a  fixed  number  of  amperes,  the  lamps 
being  arranged  in  series.  This  distinction  still  holds  good  to  a 
certain  extent;  but  about  the  year  1890  there  began  a  general 
introduction  of  arc  lamps  on  incandescent  circuits  with  constant- 
potential  current.  These  lamps  possess  the  advantage  over  the 
ordinary  constant-current  lamps  that  the  current  is  of  low  poten- 
tial ;  that  is,  only  about  one  or  two  hundred  volts  instead  of  two 
to  five  thousand  volts,  which  are  usually  employed  on  constant- 
current  arc  circuits.  On  the  other  hand  incandescent  lamps  are 
sometimes  operated  on  the  constant-current  circuit,  being  called 
series-incandescent  lamps;  but  these  are  much  less  common  than 
the  constant-potential  type.  They  are  used  chiefly  for  street  light- 
ing on  what  is  called  the   **  municipal  system."     (Vol.  II,  p.  25.) 

The  advantages  of  incandescent  electric  lighting  are: — 

The  fact  that  lamps  of  any  desired  size  from  one  candle-power 
to  fifty  or  one  hundred  can  be  had  and  easily  substituted  one  for 
the  other.     The  light  is  steady  and  agreeable  in  quality,  being  in 
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those  respects  better  than  a  very  good  gas  light.  It  is  practically 
free  from  danger  of  setting  fire  even  to  the  most  inflammable 
material.  The  lamps  can  be  put  in  almost  any  place  or  position. 
The  wires  required  to  feed  an  incandescent  lamp  are  small,  and 
can  be  easily  placed  in  fixtures,  mouldings,  etc.,  and  thus  con- 
cealed. 

The  arc  light,  on  the  other  hand,  has  the  advantage  of  being 
simpler  and  cheaper  to  install,  particularly  in  regard  to  wiring; 
and  it  gives  more  light  for  a  given  amount  of  electrical  energy 
than  an  incandescent  lamp.  The  ordinary  arc  lamp,  including 
open,  inclosed,  direct  and  alternating  current  types,  consumes 
about  450  or  500  watts  and  gives  about  200  to  400  candle-power. 
This  is  at  the  rate  of  about  1.6  to  2.6  watts  per  candle-power. 
The  ordinary  incandescent  lamp  requires  110  volts  and  .45  am- 
pere, or  about  50  watts,  and  gives  16  candle-power.  This  is  at 
the  rate  of  about  3. 1  watts  per  candle-power.  Therefore  the  arc 
lamp  gives  about  1.25  to  2  times  as  much  light  for  the  same 
amount  of  electric  power.  To  offset  this  advantage,  however, 
the  arc  lamp  is  quite  limited  in  the  range  of  its  candle-power ; 
that  is  to  say,  to  obtain  good  results,  an  open  arc  requires  a 
minimum  of  about  40  volts  and  8  amperes  in  order  to  work  well. 
If  it  is  attempted  to  make  an  arc  lamp  very  much  smaller  than 
this  in  power,  it  is  apt  to  be  unsteady  and  liable^to  go  out  entirely ; 
and  the  same  limitation  applies  generally  to  all  arc  lamps.  It  is 
possible  to  make  arc  lamps  of  greater  candle-power  than  the 
ordinary,  to  almost  any  extent,  even  as  high  as  several  hundred 
thousand  candle-power;  but  such  lamps  are  only  used  for  special 
purposes,  such  as  search  lights.  Hence  the  arc  lamp  is  not  suited 
to  places  where  small  amounts  of  light  are  required,  or  where  a 
uniform  distribution  of  light  is  wanted. 

In  some  cases  arc  lamps  have  been  arranged  to  throw  all  their 
light  upward  against  a  whitened  ceiling.  In  this  way  the  direct 
light  of  the  arc  is  not  visible,  and  the  indirect  illumination 
obtained  is  much  softer  and  more  distributed.  This  arrangement, 
called  the  **  inverted  arc,"  has  been  quite  successful  in  several 
places,  and  makes  the  arc  lamp  applicable  where  the  incandescent 
lamp  is  ordinarily  used,  but  is  not  very  efficient. 

The  arc  light  is  often  objectionable  because  its  great  intensity 
and   the  glaring   quality   of  its  light  are  disagreeable,   or  even 
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actually  injurious,  to  the  eye,  unless  it  is  shaded  by  porcelain  or 
ground  glass,  which  absorbs  about  half  the  light,  and  sacrifices  a 
large  part  of  the  power  and  economy.  The  color  of  the  light, 
however,  is  almost  pure  white,  and  closely  resembles  sunlight  in 
its  quality,  and  is,  therefore,  sometimes  desirable  in  shops,  facto- 
ries, etc.,  where  colors  are  to  be  brought  out  in  their  true  relations, 
or  photographic  operations  are  carried  on.  In  a  general  way  it 
can  be  said  that  incandescent  lamps  are  suited  to  interior  light- 
ing and  to  comparatively  small  spaces,  whereas  arc  lamps  are 
adapted  to  outdoor  lighting  or  to  large  spaces,  such  as  railway 
stations,  etc. 

The  arc  light  is  often  used  for  temporary  illumination  where 
work  is  being  done  in  excavations,  buildings,  etc.,  at  night.  Its 
advantages  in  these  cases  are  its  great  power,  and  the  simplicity 
of  wiring  needed.  The  engines  and  dynamos  employed  for  arc 
lighting  do  not  require  to  regulate  so  perfectly  as  for  incandes- 
cent lighting ;  and  this  is  also  an  advantage  for  temporary  instal- 
lations, since  it  avoids  the  necessity  for  very  fine  machinery,  or 
careful  setting  and  adjustment  of  the  same. 

Alternating  and  Direct  Ctirrents.  —  The  third  classification  of 
electric-lighting  systems  is  in  respect  to  current ;  and  we  have 
direct-current  and  alternating-current  systems,  the  direct  current 
being  one  which  flows  in  one  direction  only,  and  the  alternating 
being  a  rapidly  reversed  current.  The  following  table  shows  the 
various  direct  and  altematmg  current  systems  that  are  employed. 

'  Dynamos  alone. 
Direct  Dynamos  and  auxiliary  secondary  battery. 

Current.         "  Dynamos  and  dynamotors. 
Primary  batteries. 

'  Alternators  alone. 
Alternating    Alternators  and  transformers. 
Current.        1  Alternators  and  **  step-up  **  and  "  step-down  "  transformers. 

Alternators  with  **  step-down  "  transformers  and  rotary  converters* 

The  general  advantages  of  the  direct-current  system  are :  — 
The  potential  or  voltage  is  low.  This  applies,  however,  to 
incandescent  and  constant  potential  arc  lamps,  and  not  to  con- 
stant current  arc  lamps.  The  direct  current  also  possesses  the 
advantage  that  motors  of  any  desired  size  can  be  connected  to 
the  circuit  and  operated  very  satisfactorily.     Direct  currents  are 
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also  suited  to  electroplating  or  other  electrometallurgical  or 
electrochemical  purposes,  and  storage  batteries  can  be  used  with 
them.  Direct  currents  are  also  largely  free  from  peculiar  actions 
and  losses  due  to  self-induction  and  electrostatic  capacity,  which 
may  occur  in  the  case  of  alternating  currents.  The  great  advan- 
tage of  the  alternating  current  is  due  to  the  fact  that  it  can  be 
generated  at  a  high  potential,  usually  1100  or  2200  volts,  and 
transmitted  a  considerable  distance  over  a  comparatively  small 
wire  without  serious  loss.  This  economy  in  the  size  of  wire  re- 
quired is  due  to  the  fact  that,  since  the  potential  in  volts  is  high, 
the  current  in  amperes,  and  therefore  the  cross-section  of  the  wire 
needed,  are  small.  When  a  point  where  lights  are  to  be  run 
is  reached,  the  voltage  is  brought  down  by  means  of  transformers 
to,say,  104  or  208  volts,  and  wires  may  be  run  about  a  house,  for 
example,  and  carry  this  low-tension  current,  which  has  thus  been 
made  harmless.  This  ability  to  transform  the  alternating  current 
from  one  voltage  to  another,  as  desired,  by  means  of  simple 
induction  coils  having  no  moving  parts,  is  the  great  advantage 
to  which  the  alternating  current  almost  entirely  owes  its  impor- 
tance. The  alternating  current  also  has  the  advantage  of  requir- 
ing no  commutator  on  the  dynamo  which  generates  it,  two  simple 
collecting  rings  being  sufficient ;  but  a  separate  machine  or  wind- 
ing is  required  to  furnish  a  direct  current  to  excite  the  field 
magnet,  and  this  involves  a  commutator. 

The  alternating  current  can  also  be  regulated  by  means  of  the 
counter  electromotive  force  of  a  "choke  coil,"  which  shuts  off  the 
current  without  wasting  so  much  energy  as  the  simple  resistance 
coils  used  to  control  direct  currents.  Storage  batteries  cannot, 
however,  be  used  with  the  alternating  current.  The  relative 
merits  and  economy  of  the  direct  and  alternating  current  systems 
have  given  rise  to  more  discussion  than  any  other  subject  in 
electrical  engineering;  and  the  question  is  still  an  unsettled  one, 
even  the  most  competent  authorities  not  being  agreed  upon  the 
matter.  This  problem  involves  a  great  many  fine  points,  and 
would  depend  upon  the  conditions  in  each  particular  case.  It  is 
discussed  more  fully  later  in  its  bearing  upon  the  problem  of 
selecting  a  system  in  a  given  case.  In  this  connection  it  is  one 
of  the  most  important  questions  which  an  electrical  engineer 
is  called  upon  to  decide. 
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High  and  Low  Potential.  —  The  fourth  and  last  classification 
of  electric-lighting  systems  is  with  reference  to  the  use  of  "  high- 
tension**  and  "low-tension"  currents.      The  term  tension,  how- 
ever, is  old-fashioned,  and  was  formerly  employed  to  designate 
what  we  now  call  potential  or  voltage.     It  is  impossible  to  exactly 
define  what  constitutes  a  high-tension  system,  since  much  depends 
upon  the  circumstances  and  the  point  of  view.     If  we  look  upon 
the  question  in  its  relation  to  fire  risk  or  insurance,  we  find  that 
*'  any  circuit,  attached  to  any  machine  or  combination  of  machines, 
which  develops  a  difference  of  potential,  between  any  two  wires, 
of  over  10  volts  and  less  than  550  volts  shall  be  considered  as 
a  low-potential   circuit."     This  statement  is   quoted   from    the 
*  *  National  Electrical  Code, ' '  which  has  been  generally  adopted 
by  the  fire  insurance  authorities  throughout  the  United  States  and 
Canada,  being  given  in  full  in  Appendix  I  of  Volume  II. 

Potentials  of  less  than  10  volts  are  not  used  for  electric  light 
or  power  except  with  small  portable  lamps  or  motors,  and  in 
most  cases  the  voltage  is  above  100.  Circuits  that  operate  at  10 
volts  or  less  are  confined  almost  entirely  to  telegraphy,  teleph- 
ony, or  signalling,  and  are  not  considered  dangerous,  but  the 
Code  contains  special  rules  applicable  to  them,  the  principal 
object  being  to  protect  such  circuits  from  the  high  voltages  carried 
by  other  wires.  This  class  of  circuits,  especially  in  telegraphy, 
often  employs  voltages  considerably  higher,  but  the  current  is 
very  small  and  is  not  of  itself  likely  to  cause  any  damage. 

A  high-potential  system  is  one  in  which  the  voltage  between 
any  two  wires  is  **over  560  volts  and  less  than  3500  volts,'* 
according  to  the  National  Electrical  Code.  These  figures  are 
sometimes  modified  locally.  The  rules  of  the  Department  of 
Water  Supply,  Gas,  and  Electricity  in  New  York  City,  for  exam- 
ple, give  300  and  3000  volts  as  the  limits  of  a  high-potential  sys- 
tem. This  question  is  important  because  insurance  and  municipal 
rules  must  be  obeyed,  and  the  wiring  and  other  construction 
required  is  quite  different  for  high-  and  low-potential  systems.  . 

An  extra-high-potential  system  is  defined  by  the  National 
Electrical  Code  to  be  one  *  *  which  develops  a  difference  of  poten- 
tial, between  any  two  wires,  of  over  3500  volts."  It  is  not 
allowable  to  bring  it  into  buildings  except  power  or  sub-stations, 
unless  the  pressure  is  transformed  down  to  3500  volts  or  less. 
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While  these  rules  apply  principally  to  fire  hazard,  the  comparative 
danger  to  life  may  be  rated  by  the  same  limits  of  voltage. 

The  Selection  of  a  System.  —  The  classification  given  in  the 
preceding  pages  may  be  tabulated  in  the  following  form,  from 
which  the  choice  of  an  electric-lighting  system  must  be  made :  — 

CLASSBS.  SYSTEMS. 

(  Incandescent. 

(Arc 

5  Direct. 

<  Alternating. 

<  High-tension. 
^*     ( Low-tension. 

The  actual  selection  of  a  certain  system  and  type  of  apparatus 
for  a  particular  case  depends,  of  course,  largely  upon  the  pecu- 
liar circumstances  that  may  exist,  and  the  greatest  care  should  be 
exercised  in  taking  into  consideration  the  local  conditions  which^ 
Father  than  general  principles,  usually  determine  the  success  or 
failure  of  an  electric-lighting  plant.  The  safest  guide  is,  of 
course,  experience ;  and  the  engineer,  if  he  does  not  himself  pos- 
sess the  experience,  should,  if  possible,  find  some  case  where  the 
conditions  resemble  those  with  which  he  has  to  deal.  By  a  care- 
ful study  of  the  results  obtained  in  the  case  selected  as  an 
example,  one  can  often  get  the  benefit  of  much  experience  which 
will  save  time  and  trouble,  eliminate  mistakes,  and  secure  results 
that  would  not  otherwise  be  possible. 

It  is  foolish  for  an  engineer  to  launch  out  without  regard  to 
the  experience  obtained  by  others  at  great  cost  in  similar  cases, 
on  account  of  conceit  or  false  pride,  which  makes  him  unwilling 
to  profit  by  results  already  obtained.  Many  a  partial  or  total 
failure  would  have  been  prevented  by  a  little  more  carefulness 
and  common-sense  in  this  direction.  It  is  almost  always  a  mis- 
take for  an  engineer  to  employ  some  untried  method  or  apparatus 
solely  upon  his  own  knowledge  and  responsibility,  imless  it  is 
absolutely  necessary,  or  unless  those  who  have  to  pay  for  the 
experiment  understand  the  facts  of  the  case ;  and  when  the  engi- 
neer goes  so  far  as  to  try  his  own  inventions  (in  regard  to  which 
he  is,  of  course,  prejudiced),  at  the  expense  of  others,  it  is  posi- 
tively dishonest.  A  certain  amount  of  experiment  and  novelty  is 
a  necessary  element  of  each  engineering  problem,  and  this  con- 
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tributes  to  general  improvement  and  progress;  but  experiments 
should  usually  be  tried  as  such,  and  all  persons  interested  should 
realize  that  one  is  being  tried:  in  fact,  the  proper  place  for 
engineering  experiments  is  in  the  experimental  department  of 
some  company  or  institution.  Nothing  is  more  important  or 
interesting  than  experiment,  and  the  world  would  stand  still  with- 
out it;  but  in  practical  and  regular  work  it  is  usually  •found  that 
the  simplest,  most  standard,  and  well-tried  devices  give  by  far 
the  most  satisfactory  results.  Radical  and  sensational  departures 
from  established  practice  are  usually  the  cause  of  regret  to  all 
concerned. 

The  Size  of  Plant.  —  This  the  engineer  must  definitely  know 
before  making  any  exact  plans  or  calculations.  It  is  usually 
ascertained  in  terms  of  the  number  and  distances  of  lamps  that 
will  be  required,  by  making  a  thorough  canvass  of  the  city  or 
town,  or  that  portion  of  it  which  it  is  intended  to  light.  The 
probable  number  of  lamps  which  the  station  will  supply  when  it 
first  starts  up,  and  what  the  number  is  likely  to  become  afterward, 
are  matters  upon  which  the  entire  design  and  construction  of  the 
station  depend. 

Let  us  consider  the  simplest  case  first,  and  assume  that  the 
plant  to  be  installed  is  an  isolated  one  for  lighting  one  building 
or  group  of  buildings.  In  this  case  there  is  little  or  no  uncer- 
tainty; and  the  direct-current,  constant-potential  system  at  about 
110  or  220  volts  would  naturally  be  selected.  Since  the  distances 
and  lengths  of  wire  required  would  be  small,  there  would  be  no  reason 
for  using  a  high-tension  system.  Formerly  the  latter  had  lo  be 
introduced  if  arc  lamps  were  used,  but  since  1890  many  successful 
forms  have  been  developed  for  operation  on  the  low- voltage,  constant- 
potential  circuit.  The  fact  that  motors  work  so  well  on  the  latter, 
and  that  the  Nemst,  Hewitt,  and  other  newer  types  of  lamp  are  also 
adapted  to  it,  has  greatly  extended  the  scope  of  this  system. 

This  possibility  of  running  both  arc  and  incandescent  lamps 
on  the  same  circuit  avoids  the  necessity  of  putting  in  special 
constant-current  machines  to  run  the  arc  lamps,  which  was  for- 
merly done  even  in  the  case  of  isolated  plants,  and  involved 
considerable  extra  first  cost  and  much  more  trouble  in  running 
the  plant     Arc  lamps  operated  in  this  way  on  a  low-tension  cir- 
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cult  are  limited  in  regard  to  distance  from  the  generator,  as  in  the 
case  of  low- tension  incandescent  lamps;  but  it  has  occurred  to  the 
author  that  since  a  certain  amount  of  resistance  is  needed  in  series 
with  constant-potential  arc  lamps,  it  is  possible  to  use  the  wires 
leading  to  the  lamp  for  that  resistance,  thereby  avoiding  a  special 
resistance  in  the  lamp,  and  permitting  the  lamp  to  be  placed  at  a 
considerable  distance  from  the  generator. 

The  single-phase  alternating  current  is  rarely  used  without 
transformers  for  low-potential  service.  In  almost  all  cases  it  has 
been  generated  at  about  1,000  or  2,000  volts  to  be  transmitted 
several  miles  and  locally  transformed  to  about  100  or  200  volts  for 
electric  lighting.  Its  advantage  lies  in  the  economy  of  copper  secured 
by  high  pressure.  This  system  is  obviously  unsuited  to  isolated 
plants  where  the  distances  are  short,  as  in  a  single  building  or 
group  of  buildings.  The  conductors  would  cost  practically  the  same 
as  for  a  low-potential  installation,  and  the  transformers  involve 
extra  expense,  trouble,  and  danger.  It  is  possible  to  generate  single- 
phase  currents  at  110  or  220  volts  and  supply  lamps  without  trans- 
formers as  in  the  ordinary  direct-current  system.  This,  however,  has 
been  unusual,  chiefly  because  the  single-phase  current  is  not  well 
adapted  to  the  operation  of  motors,  in  most  cases  power  as  well  as 
light  being  desired. 

The  two-phase  and  three-phase  currents  are  generally  employed 
for  the  long-distance  transmission  of  power  at  high  potential  and 
with  transformers.  They  are  also  used  in  many  low-potential 
isolated  plants  where  power  is  the  chief  consideration,  the  polyphase 
induction  or  even  synchronous  motors  being  successful  machines. 
For  isolated  plants  in  which  lighting  is  the  principal  service  the 
direct  current  at  110  or  220  volts  is  almost  universal.  Motors  can 
also  be  operated  exceedingly  well  and  storage  batteries  used  in 
connection  with  it.  For  these  reasons  this  system  is  also  widely 
adopted  for  isolated  power  plants,  especially  for  variable  speed. 

Central  Stations. — ^When  isolated  plants  become  very  large,  as, 
for  example,  in  the  case  of  a  number  of  factories  or  other  build- 
ings scattered  along  some  distance  apart,  it  then  becomes  practi- 
cally the  same  question  as  selecting  a  system  for  a  central  station, 
there  being,  as  already  stated  in  the  beginning  of  this  chapter, 
no  absolute  dividing  line  between  the  two.  The  selection  of  the 
best  system  for  a  central  station  is  the  most  serious  problem  that 
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the  electrical  engineer  is  called  upon  to  solve,  and  having  once 
decided,  it  is  almost  impossible  to  change.  If  the  business  of  the 
station  is  to  be  confined  to  arc  lighting  for  streets,  the  constant- 
current  series  arc  system  would  naturally  be  adopted.  In  such  a 
case  there  would  formerly  have  been  little  question,  but  Fifth  Avenue 
in  New  York  City  is  now  lighted  by  arc  lamps  on  the  low-tension 
(230  volt,  3  wire)  system;  and  the  alternating  current  is  used  in 
many  places  for  suppling  arc  lamps  by  means  of  transformers,  the 
primary  circuits  of  which  are  connected  in  parallel  as  usual,  but  the 
secondaries  give  a  constant  current,  each  feeding  from  25  to  100 
lamps  in  series.  This  system  has  the  advantage  that  one  generator 
can  supply  many  circuits,  whereas  the  direct-current  series  arcs 
require  a  separate  machine  (Chap.  XVIII.)  for  each  circuit.  Further- 
Inore,  the  same  current  can  be  used  to  feed  incandescent  lamps  and 
motors  through  constant-potential  transformers. 

If  the  average  distances  of  the  lamps  from  the  station  are 
not  very  great,  the  low-tension  direct-current  system  is  very  satis- 
factory for  arc  lamps,  particularly  if  incandescent  lamps  are  also 
supplied.  But  a  large  station  usually  does  a  general  business, 
including  arc  and  incandescent  lighting  and  power  distribution  to 
various  distances  from  the  station ;  and  the  problem  then  becomes 
very  complicated. 

Alternating  vs.  Direct  Current.  —  This  brings  us  face  to  face 
with  the  much-discussed  question  of  high-tension  alternating  ver- 
sus  low-tension  direct  current,  concerning  which  there  are  radical 
differences  of  opinion  among  the  best  authorities.  In  both  Amer- 
ica and  Europe,  the  greater  number  of  incandescent  lamps  are 
now  operated  by  the  low-tension  direct-current  system ;  hence 
custom  sanctions  its  use.  But  allowance  should  be  made  for  the 
fact  that  the  alternating  current  has  not  been  so  long  in  general 
use.  The  only  reason  for  adopting  high-voltage  alternating  or 
other  currents  in  electric  lighting  is  to  reduce  the  cost  of  the 
conductors  required.  The  cross-section  of  wire  needed  to  convey 
a  given  amount  of  electrical  power  in  watts,  with  a  given  per- 
centage of  "  drop,*'  or  loss  of  potential  in  volts,  is  inversely  pro- 
portional to  the  square  of  the  E.M.R  employed.  In  other  words, 
it  requires  a  wire  of  only  one-quarter  of  the  cross-section  and 
weight,  if  the  voltage  be  made  twice  as  great  ;  hence  the  great 
economy  in  conductors  secured  by  the  use  of  high-tension  currents. 
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This  advantage  can  be  realized  either  in  saving  the  weight  of 
wire  required,  or  in  transmitting  the  current  to  a  great  distance 
with  the  same  weight  of  copper. 

In  comparing  and  deciding  between  the  alternating-  ana  tne 
direct-current  systems,  there  is  a  tendency  to  think  only  of  the 
cost  of  the  copper  conductors,  and  to  forget  the  cost  of  trans- 
formers, greater  complication,  and  positive  danger  to  human  life, 
all  of  which  ought  to  be  counted  against  the  high-tension  alterna- 
ting system.  Furthermore,  an  electric-light  plant  usually  runs  a 
large  part  of  the  time  lightly  loaded ;  and  during  all  that  time  the 
alternating  system  is  much  more  wasteful  of  energy  than  the 
direct ;  because  in  the  former  case  the  leakage  current  is  always 
flowing  in  the  transformers,  whereas,  in  a  direct-current  system 
the  loss  of  energy  in  the  distribution  system  is  extremely  small  at 
light  load,  since  it  varies  as  the  square  of  the  current.  If  the  dis- 
tances of  the  lamps  are  very  great,  —  several  miles,  for  example, 
—  then,  however,  there  is  little  or  no  question,  and  an  alternating- 
current  system  with  transformers  would  almost  necessarily  be 
adopted.  Formerly,  in  this  country,  the  potential  was  almost 
always  1,000  volts;  but  now  2,000  volts,  or  more,  are  generally 
used,  which  still  further  extends  the  distance  at  which  lamps  can 
be  economically  operated.  By  the  use  of  potentials  of  20,000  to 
60,000  volts,  or  even  higher  pressures,  obtained  by  "step-up"  trans- 
formers, the  possible  distance  may  become  20  to  100  miles  or  almost 
any  distance,  the  chief  limitation  being  the  question  of  economy. 
If,  on  the  other  hand,  the  population  is  fairly  large  and  dense,  so 
that  a  sufficient  number  of  customers  can  be  found  within  about 
\\  mile  of  the  station,  then,  for  the  reasons  stated  above,  a  low- 
tension  direct  system  is  usually  more  satisfactory. 

The  limit  of  distance  at  which  the  alternating  system  is  pref- 
erable to  the  direct  cannot  be  fixed  exactly,  since  it  depends  upon 
so  many  factors,  one  of  which,  for  example,  is  the  value  of  human 
life.  Prof.  J.  A.  Fleming  states  that  the  economical  limits  are 
reached  in  the  two-wire  direct-current  system  (about  110  volts) 
"  when  the  mean  length  of  the  feeders  is  some  300  or  400  yards  ; " 
and  in  the  three-wire  system  (about  220  volts)  "when  the  mean 
length  of  the  feeders  is  from  half  to  three-quarters  of  a  mile  " 
(The  Alternating  Current  Transformer^  vol.  ii.,  p.  337).  With  a 
mean  length  of  feeder  of  J  mile,  lamps  can  be  fed  at  a  distance 
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of  IJ  mile  from  the  station,  which  makes  it  possible  to  supply 
a  circular  district  three  miles  in  diameter,  if  the  station  is  at  the 
center;  if  it  is  not  at  the  center,  the  available  district  will  be  cor- 
respondingly smaller.  Other  parts  of  the  city  can  be  lighted  by 
other  central  stations,  or  by  sub-stations.  By  operating  the  three- 
wire  system  with  220-volt  lamps,  a  total  pressure  of  440  volts  is 
obtained  and  twice  the  distance  may  be  reached  with  the  same 
power,  weight  of  copper,  and  percentage  of  drop  in  voltage.  For 
the  same  distance  the  weight  of  copper  is  only  one-quarter  as  great, 
as  stated  on  page  43.  It  is  also  possible  by  certain  other  methods 
to  extend  considerably  the  economical  hmit  of  distance.  One  plan 
is  to  generate  a  higher  electrical  pressure  at  the  station,  to  supply 
those  lamps  which  are  remote;  that  is,  the  feeders  running  to  the  most 
distant  parts  of  the  district  are  operated  at  a  higher  voltage  than  the 
others.  This  higher  pressure  is  produced  by  special  dynamos,  or, 
more  conveniently,  by  small  auxiliary  dynamos,  called  **  boosters," 
which  raise  the  voltage  in  certain  feeders.  These  various  arrange- 
ments are  described  in  Chapters  III.  and  IV.  of  Volume  II. 

A  method  adopted  in  many  of  the  largest  and  most  modern 
electric-light  and  power  (including  electric-railway)  systems  com- 
bines the  advantages  of  high-potential  alternating-current  trans- 
mission and  low-potential  direct-current  distribution.  Three- 
phase  currents,  usually  at  6,600  volts,  are  produced  directly  by  the 
generators,  no  step-up  transformers  being  required.  This  energy 
is  carried  in  most  cases  by  underground,  three-conductor  cables 
to  sub-stations  where  it  is  stepped  down  by  transformers  to  six- 
phase  currents  at  about  165  volts.  Rotary  converters  change  this 
energy  into  direct  current  at  about  270  volts,  which  is  fed  to  the 
outside  conductors  of  the  three- wire  system  that  supplies  the  lamps, 
motors,  etc.  A  drop  of  40  or  50  volts  is  allowed  on  the  feeders, 
mains,  and  wiring,  so  that  220  or  230  volts  are  actually  delivered; 
that  is,  110  or  115  volts  on  each  side  of  the  three- wire  system. 

Many  large  as  well  as  small  electric-light  and  power  corporations 
use  two-  or  three-phase  currents  without  conversion  to  direct  current. 

With  high  voltage  and  transformers  almost  any  distance  may  be 
reached.  On  the  other  hand  storage  batteries  or  other  electrolytic 
apparatus  cannot  be  operated  and  variable  speed  motors  do  not 
work  as  well.  These  various  methods  of  distribution  are  described 
in  Chapter  X.  of  Volume  II. 


40  ELECTRIC  LIGHTING. 


CHAPTER  V. 

THB  LOCATION  AND  GENERAL  ARRANGEMENT  OF 
ELECTRIC-LIGHTING  PLANTS. 

To  determine  the  location  of  an  electric-lighting  plant  is  often 
a  matter  of  great  difficulty,  owing  to  the  fact  that  so  many  con- 
siderations are  involved,  the  most  prominent  of  which  are  the 
following :  — 

1.  Kind  of  power  used  (water  or  steam). 

2.  State  and  municipal  laws  and  insurance  rules  and  rates. 

3.  Size,  form,  and  character  of  the  district  and  distribution  of 
lamps  to  be  lighted. 

4.  Cost  of  ground  space. 
6.    Room  for  extension. 

6.  Convenience  of  coal  supply. 

7.  Convenience  of  water  supply  for  boilers  and  condensers. 

8.  Possibility  of  obtaining  good  foundations. 

'  ^    9.    Possibility  of  obtaining,  good  chimney  draught. 

The  kind  of  power  adopted  may  absolutely  determine  the  loca- 
tion of  a  plant,  when,  for  example,  a  certain  water  power  is  to  be 
employed  that  is  only  available  at  a  certain  point.  In  fact,  if  a 
water  power  of  proper  amount,  reliability,  and  proximity  exists,  it 
would  naturally  be  used  wherever  electric  lighting  is  required,  and 
the  generating-plant  would  be  put  close  to  it. 

If  steam  power  be  adopted,  the  location  of  the  plant  is  not  so 
limited ;  but  even  in  that  case  it  is  necessary  to  carefully  consider 
question  of  coal  and  water  supply,  which  will  be  discussed  under 
those  headings. 

State  and  municipal  lawSy  insurance  rules  and  rates  in 
some  cases  determine  or  affect  the  location  of  the  station.  For 
example,  if  a  high-tension  current  were  forbidden  by  law,  then 
it  would  be  necessary  to  locate  the  station  in  or  near  the  district 
to  be  lighted.  On  the  other  hand,  if  it  were  not  permissible  to 
locate  a  station  in  a  city  on  account  of  objection  to  smoke  or 
vibration,  then  the  station  would  have  to  be  put  outside  of  the 
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city  limits,  and  a  high-tension  transformer  system  employed 
These  matters  depend  entirely  upon  local  law  and  custom,  and  no 
general  rules  can  be  laid  down.  Ordinarily,  however,  one  is 
permitted  to  locate  a  station  within  the  city  if  he  desires  to  do 
so.  But  it  is  well  to  choose  a  site  surrounded  by  factories, 
stables,  etc.,  the  owners  or  occupants  of  which  are  not  likely  to 
claim  damages  for  smoke  or  vibration  nuisance.  A  station  situ- 
ated among  fine  residences,  for  example,  would  almost  certainly 
have  serious  trouble  on  this  account,  and  a  little  discretion  in 
this  matter  might  save  much  annoyance  and  litigation. 

The  size^  fomty  and  character  of  the  district  to  be  lighted  is  to 
be  determined  by  general  circumstances,  verified  by  a  careful 
study  and  canvass  to  ascertain  as  definitely  as  possible  the  loca- 
tion and  number  of  lights  likely  to  be  required,  and  the  purposes 
for  which  they  are  to  be  used. 

It  is  well  to  make  an  accurate  map  or  plan  showing  these 
facts,  which  would  be  useful,  not  only  in  locating  the  station, 
but  also  in  determining  the  amount  of  apparatus,  conductors,  etc., 
required  ;  also  in  making  financial  calculations.  The  purpose  for 
which  lamps  are  used  is  important,  since  it  indicates  when  and 
for  how  long  they  will  be  lighted.  For  example,  butcher  and 
dry-goods  shops  usually  close  early  in  the  evening,  whereas 
restaurants  and  saloons  are  open  late.  Professor  E.  P.  Roberts 
has  gone  into  this  matter  in  detail,  and  tabulated  what  may  be 
expected  of  different  kinds  of  customers.*  By  adding  up  in  this 
way  the  total  number  of  lights  that  will  probably  be  burning  each 
hour  of  the  day  and  night,  it  is  possible  to  predetermine  the  load 
diagram  or  curve  showing  the  current  used  at  each  hour,  which 
would  be  of  the  greatest  value  in  designing  the  plant.  A  certain 
amount  of  selection  can  be  made  in  regard  to  the  location  and 
business  of  the  customers,  in  order  to  improve  the  form  of  the  dis- 
trict or  the  load  diagram  ;  but,  of  course,  a  company  usually  takes 
all  the  business  that  is  obtainable,  particularly  in  the  beginning. 

Mr.  Hordern,  in  London  Lightning  of  April  14,  1894,  gives 
diagrams  for  the  different  classes  of  customers  of  the  Westmin- 
ster station,  which  show,  however,  that  in  practice  it  is  very 
difficult  to  forecast  a  new  customer's  bill. 

•  "The  Design  of  a  Central  Station  for  Incandescent  Lights."  Electrical  Worlds 
N.Y.,  March  25  and  April  22,  1893. 
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Having  ascertained  or  estimated  the  number  and  distribution 
of  the  lamps,  and,  therefore,  the  size  and  form  of  the  district, 
the  next  step  would  naturally  be  the  determination  of  the  exact 
location  of  the  station. 

This  order  of  procedure  might,  however,  be  reversed,  as  the 
location  of  the  station  may  be  fixed  by  certain  local  circumstances, 
and  then  the  size  and  form  of  the  district  to  be  lighted  would  be 
determined  by  the  position  of  the  station.  In  either  case  the 
ideal  arrangement  would,  of  course,  be  that  in  which  the  district 
was  a  perfect  circle,  with  the  station  located  at  the  center.  Theo- 
retically, the  station  should  be  located  at  what  might  be  called 
the  center  of  gravity  of  the  system,  determined  by  giving  each 
part  of  the  district  a  value  proportional  to  the  number  of  lamps 
to  be  supplied.  This  could  be  applied  to  any  district,  however 
irregular  in  form ;  but  this  ideal  position  would  rarely  be  realized 
in  practice,  and  a  slight  or  even  considerable  departure  from  it 
would  not  be  objectionable.  Low-tension  systems,  however,  that 
is,  incandescent  lighting  systems  employing  100  to  250  volts, 
usually  require  the  station  to  be  placed  somewhere  near  the 
center.  Exceptions  to  this  rule  may  be  made  for  special  reasons, 
and  by  the  use  of  peculiar  devices.  For  example,  the  system 
may  be  operated  with  a  larger  percentage  of  loss  of  potential  on 
the  conductors  than  is  usually  allowed,  or  part  of  the  dynamos 
can  be  run  at  a  higher  voltage  than  the  others,  in  order  to  supply 
lamps  at  a  greater  distance,  or  the  current  in  certain  of  the  feed- 
ers may  be  raised  in  voltage  by  auxiliary  dynamos,  commonly 
called  ''boosters."  These  methods  are  more  fully  discussed  on 
page  39.  By  such  means  low-potential  systems  are  successfully 
operated  where  the  station  is  situated  at  a  considerable  distance 
from  the  center  of  the  district,  or  even  entirely  outside  of  it.  The 
combination  of  high-voltage  transmission  and  low-voltage  distribu- 
tion described  on  page  39  enables  the  station  or  power-house  to  be 
placed  the  same  as  for  high-potential. 

In  the  case  of  high-tension  systems  the  station  can  be  located 
at  some  distance  from  the  district  to  be  lighted,  or  even  many 
miles  away.  Indeed,  the  sole  reason  for  employing  high  poten- 
tials for  electric  lighting  is  the  fact  that  a  given  amount  of  elec- 
trical energy  can  be  conveyed  by  much  smaller  wires  if  high- 
voltage  currents  be  used.    Assuming  a  certain  amount  of  electrical 
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power  in  watts  and  a  given  percentage  of  loss  in  volts,  the  cross- 
section  of  conductor  required  is  inversely  proportional  to  the 
square  of  the  number  of  volts.  This  ability  to  cany  electrical 
energy  over  comparatively  small  wires  to  considerable  distances 
permits  the  station  to  be  located  in  almost  any  desired  position, 
irrespective  of  the  size,  shape,  and  position  of  the  lighting  dis- 
trict, within  reasonable  limits.  This  applies  to  alternating  in- 
candescent lighting  and  to  series  arc  lighting,  or  to  any  other 
system  using  currents  of  1,000  volts  or  more.  The  advantage  of 
being  able  to  locate  the  station  wherever  it  may  be  convenient 
to  have  it,  is  offset  by  two  serious  facts,  as  already  stated. 

First,  the  danger  of  killing  persons  and  animals  by  contact 
with  wires  carrying  high-voltage  currents. 

Second,  the  difficulty  of  insulating  high-voltage  currents. 
This  serious  question  between  high  and  low  tension  systems  has 
been  long,  and  somewhat  fiercely,  discussed  by  electrical  engi- 
neers ;  but  there  is  probably  no  general  answer,  and  each  system 
has  its  proper  sphere  of  usefulness,  depending  upon  circumstances. 

The  cost  of  ground  space  is  in  many  cases  a  controlling  condition. 
It  may  happen  that  the  rent  or  cost  of  sufficient  ground  space  may 
be  so  high  as  to  preclude  the  placing  of  the  station  in  or  even  near  the 
district  to  be  lighted.  This  would  oblige  the  station  to  be  put  some 
distance  away,  where  ground  would  be  sufficiently  cheap,  in  which 
case  a  high-tension  system  would  have  to  be  adopted.  Thus  the 
various  parts  of  this  problem  are  interdependent,  and  a  change  in 
one  may  aflFect  the  others. 

A  high  value  of  real  estate  would  also  affect  the  arrangement 
of  the  station,  giving  rise  to  three  or  four  essentially  different 
types  of  station,  depending  upon  the  cost  of  the  ground  space. 
These  arrangements  of  station  will  be  considered  on  page  46.  In 
most  cases  the  cost  of  ground  space  and  its  effect  upon  the  loca- 
tion of  the  station  are  quite  definite  and  easily  ascertained. 

Room  for  extension  should  always  be  provided,  because  it  has 
been  the  history  of  nearly  all  successful  stations  and  plants  that 
their  business  has  rapidly  and  greatly  increased,  it  being  not 
uncommon  for  the  number  of  lights  to  double  each  year  for 
several  years.  Provision  should,  therefore,  be  made  to  enable 
the  plant  to  be  enlarged  to  at  least  twice,  and  perhaps  four  or 
six  times,  its  original  size.     All  the  land  need  not  be  obtained  in 
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the  first  place,  provided  it  can  surely  be  had  at  a  reasonable  price 
when  required. 

The  convenience  of  coal  supply  should  be  carefully  considered  in 
locating  electric-lighting  plants,  if  steam-power  is  to  be  used.  If 
possible,  a  site  should  be  selected  directly  upon  some  railway,  or 
sufficiently  near  to  be  connected  by  a  branch  track  or  siding  ;  or 
directly  upon  the  water  front,  so  that  coal  vessels  can  be  brought 
alongside,  and  in  either  of  these  cases  the  arrangement  should 
be  such  that  the  coal  can  be  directly  unloaded  from  the  cars 
or  vessels  into  the  bins  from  which  the  boilers  are  supplied. 
Rehandling  of  the  coal  should  be  avoided  as  far  as  possible ;  and 
if  the  coal  can  be  made  to  move  or  discharge  itself  by  gravity, 
so  much  the  better.  If,  however,  it  is  not  possible  to  place  the 
plant  where  coal  can  be  obtained  directly  from  railway  or  boat, 
then  it  should  be  located  so  that  the  carting  or  other  handling  of 
the  coal  involves  the  minimum  trouble  and  expense.  The  possi- 
bility of  the  coal  supply  being  temporarily  cut  off  by  severe  snow- 
storms, floods,  or  strikes  should  also  be  considered  in  locating 
and  arranging  the  plant. 

Convenience  of  water  supply  should  also  be  given  careful  atten- 
tion. In  cities  the  supply  may  usually  be  obtained  from  the  city 
waterworks,  in  which  case  it  may  not  be  considered  in  locating 
the  station.  This  would  usually  involve,  however,  a  heavy  water 
tax,  and  it  might  therefore  pay,  even  in  that  case,  to  sink  an 
artesian  or  other  well,  or  obtain  water  from  some  other  source. 
In  small  towns  regular  waterworks  do  not  ordinarily  exist,  and 
the  plant  would  have  to  depend  upon  wells  or  some  other  natural 
supply  of  water,  such  as  a  stream,  pond,  or  lake.  In  the  case  of 
natural  water  supply  the  location  of  the  plant  would  have  to  be 
made  accordingly. 

The  water  supply  required  in  eleqtric  lighting  may  be  of  two 
kinds :  First,  that  needed  for  the  boilers ;  and  second,  water  for 
condensation,  if  condensing  engines  be  used.  The  first  kind  of 
water  should  be  very  pure,  if  possible,  to  avoid  the  deposition  of 
scale  and  sediment  in  the  boilers,  which  is  most  objectionable. 
The  water  for  condensing  need  not,  necessarily,  be  very  pure 
either  mechanically  or  chemically,  if  surface  condensers  are 
employed;  in  fact,  salt  water  can  be  used,  as  in  the  case  of 
marine  engines.     But  even  in  condensers  it  is  desirable  to  have 
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reasonably  pure  water,  and  therefore  it  is  generally  found  expedi- 
ent to  secure  an  ample  supply  of  good  water  for  both  purposes ; 
or,  to  put  it  another  way,  it  would  not  pay  to  use  condensing 
engines  unless  a  good  and  sufficient  supply  of  condensing  water 
can  be  relied  upon.  Water  supply  for  boilers  and  condensers 
is  discussed  in  Chapter  IX. 

The  possibility  of  obtaining  good  foundations  is  too  serious  a 
matter  to  be  neglected  in  locating  electric-light  plants,  because 
the  machinery  used  is  very  heavy,  and  it  should  be  substan- 
tially and  firmly  placed,  in  order  to  work  steadily  and  properly. 
A  careful  investigation  of  the  character  of  the  ground  should 
be  made,  to  be  sure  of  having  solid  foundations,  as  it  might 
happen  that  the  existence  of  soft  ground  or  quicksand  would 
involve  great  trouble  and  expense. 

The  matter  of  transmitting  vibrations  from  machinery  to 
adjacent  buildings  should  be  carefully  considered,  as  it  may  be 
the  cause  of  great  annoyance,  or  even  actual  damage.  This 
question  is  discussed  in  the  next  chapter,  under  the  head  of 
"  Foundations." 

The  obtaining  of  a  good  draught  for  the  boiler  fires  is  another 
matter  which  must  not  be  ignored  in  lo'cating  and  arranging  a 
plant.  If  natural  draught  by  means  of  a  chimney  be  adopted, 
two  questions  are  involved :  First,  the  foundations  for  a  suf- 
ficiently high  chimney  must  be  particularly  good,  and  even  better 
than  those  for  the  building  or  machinery,  because  the  slightest 
settling  will  throw  the  stack  out  of  plumb,  the  effect  being  mag- 
nified by  the  height  of  the  chimney;  secondly,  the  formation 
of  the  land  in  the  neighborhood  of  a  chimney  very  considerably 
affects  the  draught.  For  example,  if  a  chimney  were  located 
near  a  line  of  hills,  and  the  prevailing  winds  happened  to  be 
from  the  hills  toward  the  chimney,  the  effect  would  be  to  cause 
the  wind  to  be  deflected  downward  upon  the  chimney,  which 
would  tend  to  oppose  the  draught.  In  a  case  of  this  kind,  or 
wherever  natural  draught  is  not  to  be  obtained,  it  would  be 
necessary  to  resort  to  mechanical  draught  of  some  kind. 

Thus  it  will  be  seen  that  there  are  numerous  important  fac- 
tors involved  in  determining  the  location  of  a  station ;  and  it  is 
usually  a  great  mistake  to  overlook  any  of  them,  or,  on  the  other 
hand,  to  give  undue  weight  to  any  particular  one. 
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Location  of  Generating-Stations  at  Coal-Mines.  —  The  pos- 
sibility of  locating  large  electrical  generating-stations  directly  at 
coal-mines,  and  transmitting  the  energy  by  wires  to  the  large 
cities  for  light,  power,  etc.,  has  been  proposed  and  discussed.* 

This  is  the  extreme  case  of  the  location  of  a  central  station 
entirely  with  reference  to  coal  supply.  It  is  largely  a  question 
of  whether  it  costs  more  to  carry  the  coal  or  the  electrical  energy 
to  the  given  point.  The  plan  would  have  the  enormous  advan- 
tage of  eliminating  the  serious  evils  due  to  excessive  smoke  in 
large  cities,  as  well  as  the  trouble  and  dirt  involved  in  handling 
coal  and  ashes.  Advanced  civilization  will  probably  demand  it 
in  the  future ;  but  railways  and  other  established  interests  would 
combat  it,  and  it  is  doubtful  if  the  times  are  quite  ripe  for 
attempting  it,  except  in  places  where  the  conditions  are  par- 
ticularly favorable.  A  compromise  scheme  has  been  proposed  by 
the  author  f  in  which  the  station  would  be  located  at  a  sufficient 
distance  from  the  city  to  avoid  the  nuisance  of  smoke  and  dirt, 
and  also  reduce  the  handling  of  the  coal.  For  example,  a  large 
station  located  in  New  Jersey  could  supply  New  York  City,  and 
would  secure  great  saying  in  cost  of  land,  coal,  labor,  etc. 

ABBANGEMian?  OF  AN  SLECTBIC-UaHmra  PLANT. 

The  general  arrangement  of  an  electric-lighting  plant  or  station 
depends  upon  its  location  and  the  kind  of  machinery  adopted. 


Fig.  1.     Simple  Arrangement  of  Plant. 


The  location  of  the  station,  particularly  with  reference  to  the 
value  of  real  estate,  gives  rise  to  several  radically  different  arrange- 
ments.    If  the  cost  of  ground-space  is  low,  and  there  is  ample 

♦  •*  Generating  Power  at  Coal  Fields  and  Transmitting  it  Electrically  to  Industrial 
Centres,*'  EUc.  World,  Dec.  31,  1892.  "The  Utilization  of  Coal  Mines. »'  Professor 
Blake.     Set,  Amer,  Sup.,  July  8,  1893. 

t  "Coalless  Cities,"  Cassier's  Mag.,  December,  1895. 
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room,  the  simplest,  and  usually  the  best,  arrangement  is  that  shown 
in  Fig.  1,  in  which  the  boilers,  engines,  and  dynamos  are  all 
placed  on  the  ground,  the  relative  position  being  such  that  the 
steam  flows  directly  from  the  boilers  to  the  engines  with  a  mini- 
mum length  of  pipe.  This  arrangement  is  natural  and  desirable 
in  every  way. 

If,  however,  the  cost  of  sufficient  ground-space  is  too  great  to 
allow  this  plan  to  be  followed,  then  it  obviously  becomes  neces- 
sary to  place  some  of  the  apparatus  above  the  rest ;  that  is,  we 
must  have  a  building  with  two  or  more  stories. 

In  the  first  large  electric-lighting  central  station  built  in  the 
world  —  the  Pearl-street  Station  of  the  Edison  Electric  Illuminat- 
ing Company  of  New  York,  which  began  running  in  1882  — this 
problem  was  solved  by  placing  the  boilers  on  the  ground,  the 
engines  and  dynamos,  which  were  direct-coupled,  being  located 
on  the  floor  above,  which  consisted  of  iron  beams  supported  on 
iron  columns.  This  arrangement  was  a  natural  one,  but  did  not 
work  satisfactorily,  and  is  probably  radically  wrong,  for  the  reason 
that  the  tendency  of  steam-engines  to  vibrate  because  of  their  recipro- 
cating motion  makes  it  practically  imperative  to  place  an  engine  of 
any  size  upon  a  solid  foundation  directly  on  the  ground. 

Boilers,  on  the  other  hand,  although  heavy,  do  not  tend  to  cause 
vibration,  and  simply  require  a  sufficiently  strong  support  to  carry 
the  dead  weight.  The  arrangement  adopted,  therefore,  in  many  of  the 
modern  stations  has  been  to  place  the  boilers  upon  the  second  or  even 
third  story  and  locate  the  engines  and  dynamos  on  the  ground. 
A  prominent  example  of  this  arrangement  is  the  Waterside  Station 
of  the  New  York  Edison  Co.,  which  supplies  a  large  part  of  Man- 
hattan Island  with  electric  light  and  power,  having  a  maximum 
capacity  of  160,000  H.P.  It  is  shown  in  vertical  section  and  plan  in 
Figs.  2  and  3  respectively.  The  ground  space  covered  is  197i  by 
272i  feet,  and  the  roof  of  the  engine-room  is  116  feet  above  the  floor. 
A  little  less  than  one-half  of  the  building  is  shown  in  the  plan,  but  the 
remainder  being  precisely  similar,  the  arrangement  of  the  plant  can 
be  clearly  seen.  There  are  16  generators,  which  produce  three- 
phase  alternating  current  at  25  cycles  per  second  and  6,600  volts,  and 
have  a  capacity  of  4,500  K.W.  each.  The  high-potential  current 
thus  generated  is  carried  by  underground  cables  to  substations  in 
various  parts  of  the  city,  where  it  is  stepped  down  in  voltage  and 
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converted  into  direct  current  to  feed  the  three-wire  network  which, 
supplies  lamps,  motors,  etc.,  as  already  described  on  page  39.  Each 
generator  is  directly  connected  to  a  vertical,  compoimd  engine. 
The  boilers,  56  in  number,  are  placed  on  two  floors,  as  shown  in 


Fig.  2,  and  above  them  is  a  coal-bunker  having  a  capacity  of  10,000' 
tons.  It  will  be  observed  that  the  whole  arrangement  is  designed 
to  save  ground  space  and  yet  not  sacrifice  effectiveness,  economy, 
and  convenience  of  operation.  This  station  will  be  described  more 
fully  in  Chapter  XXV.,  after  the  various  elements  of  generating 
plants  have  been  considered  separately. 


LOCATION  OF  ELECTRJOLIGHTJNG  PLANTS. 


49 


^^^3^^ 


50 


ELECTRIC  LIGHTING, 


In  most  of  the  electric-light  plants  built  from  the  beginning  in 
1878  to  about  1890,  the  dynamos  were  comparatively  small — 20  to 
100  H.P. — and  belted  to  the  engines.  One  plan  was  to  have  each 
machine  or  pair  of  machines  driven  by  a  separate  high-speed  engine* 


The  other  method  was  to  employ  one  or  more  large,  low-speed  engines 
which  drove  line-shafts  by  means  of  heavy  belts,  the  various  dynamo 
being  also  connected  to  the  line-shafts  by  belting.  These  arrange- 
ments are  still  commonly  used  in  direct-current  arc-lighting  plants, 
because  for  the  most  part  they  supply  street  lamps,  the  distances  being 
considerable,  so  that    the   high-potential  series  system  is  adopted. 
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The  constant-current  dynamo  (Chap.  XVIII.)  required  in  this  case 
is  limited  to  a  capacity  of  about  100  or  150  lights,  so  that  many 
machines  are  needed.  A  modem  example  of  such  a  station  is  illus- 
trated in  Fig.  4,  a  pair  of  dynamos  being  belted  to  each  high-speed, 
tandem-compound  engine.  The  series  alternating  is  usually  prefer- 
able to  the  series  direct-current  system,  because  thousands  of  arc 
lamps  may  be  operated  by  one  generator  if  desired,  and  incandescent 
lamps  as  well  as  motors  at  the  same  time,  as  stated  on  page  37.  In 
such  a  case  the  general  type  of  station  represented  in  Figs.  2  and  3 
may  be  adopted. 

For  several  years  after  the  alternating  current  was  introduced  in 
1887,  its  use  was  limited  to  incandescent  lighting  and  the  generators 
were  comparatively  small,  a  few  hundred  lights'  capacity,  and  usually 
installed  in  arc-Hghting  stations  so  that  incandescent  lamps  could 
also  be  supplied.  The  consequence  was  that  they  were  driven  by 
high-speed  or  low-speed  engines  with  belting,  Uke  the  arc  machines 
in  Fig.  4.  But  the  great  increase  in  size  of  alternating  as  well  as 
direct-current  generators  has  resulted  in  the  general  adoption  of 
direct  connection  in  place  of  belting.  Hence  the  modem  station 
for  electric  light  or  power,  whether  direct,  single-phase,  or  polyphase 
current,  usually  employs  multipolar  generators  of  large  diameter, 
each  directly  connected  to  a  steam-engine  or  other  prime  mover. 

The  isolated  plant  has  followed  similar  lines  of  development> 
and  is  in  fact  a  small  central  station  except  that  high-speed  engines 
of  the  various  types  shown  in  Chapters  XI.,  XV.  and  XVIII.  are 
generally  adopted.  Detailed  descriptions  of  such  plants  are  given 
in  Chapter  XXV. 
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CHAPTER  VI. 

BUILDINaB  FOR  ELBCTRIC-LiaHT  PIiANTB. 

The  building  in  which  an  electric-light  plant  is  placed  may 
be  designed  and  built  specially  for  it,  or  it  may  be  a  building 
already  in  existence,  and  built  for  some  other  purpose.  In  the 
case  of  a  central  station  the  plant  usually  occupies  the  entire 
building,  or  a  large  portion  of  it ;  whereas,  an  isolated  plant  oc- 
cupies a  comparatively  small  space  in  the  cellar  or  basement 
In  any  case,  the  problem  of  constructing  or  arranging  the  building 
or  space  comes  under  the  head  of  architecture  rather  than  of 
electrical  engineering ;  but  it  is  always  very  desirable  that  the 
electrical  engineer  should  at  least  be  consulted,  and  have  the  plan 
submitted  to  him.  Frequently,  however,  this  is  totally  disre- 
garded, and  the  electrical  engineer  is  given  a  certain  place  in 
which  to  put  the  machinery ;  and  the  result  is  likely  to  be  very 
unsatisfactory  to  all  concerned. 

This  unwise  practice  is  particularly  common  in  regard  to  iso- 
lated plants ;  and  it  is  the  rule,  rather  than  the  exception,  for  the 
architect  to  provide  a  certain  room  or  space  which  he  may  arbi- 
trarily think  sufficient  for  the  electric-lighting  plant.  Very  often 
this  space  is  too  cramped,  or  of  wrong  shape,  to  allow  the 
machinery  to  be  properly  put  in.  In  most  cases  the  difficulty 
could  have  been  entirely  avoided  if  the  electrical  engineer  had 
been  given  an  opportunity  to  make  suggestions  or  modifications 
in  regard  to  the  original  plans.  The  author  has  visited  many 
plants  in  which  this  trouble  was  very  apparent.  In  one  instance 
the  machinery  was  located  in  what  was  little  better  than  a  hole 
in  the  middle  of  the  cellar,  in  which  ventilation  was  practically 
impossible.  The  consequence  was  that  in  summer  the  temper- 
ature of  this  place  often  rose  as  high  as  125°  F.,  thus  causing 
the  dynamos  to  run  very  hot ;  in  fact,  their  actual  output  was 
reduced  to  about  one-half,  because  they  could  not  generate  any 
more  current  without  being  heated  above  160°  or  170°  F.,  which 
is  the  maximum  allowable  temperature.     The  attendants  were, 
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of  course,  thoroughly  uncomfortable,  and  unable  to  work  to  advan- 
tage. In  this  case  there  was  plenty  of  room  at  the  front  or  back 
of  the  basement  where  windows  or  direct  openings  to  the  outside 
air  could  have  been  had.  In  many  other  cases  a  few  feet,  or  even 
inches,  too  little  space  is  provided  for  the  proper  arrangement 
of  machinery,  resulting  in  its  always  working  badly.  The  amount 
of  space  required  for  an  isolated  plant  depends  upon  the  work 
that  it  has  to  do ;  but  usually  at  least  two  dynamos  and  two 
engines  should  be  installed,  and  therefore  the  room  required 
would  be  30  to  40  feet  long  and  20  feet  wide,  in  case  the  engines 
are  belted  to  the  dynamos,  and  25  feet  long  by  15  feet  wide 
where  direct-coupled  engines  and  dynamos  were  employed.  Typi- 
cal arrangements  of  an  isolated  plant  are  set  forth  in  Chapter 
XXV.  The  principal  points  to  consider  in  providing  a  place  for 
an  isolated  plant  are, — sufficient  space  for  proper  arrangement  of 
machinery;  convenient  handling  of  coal  and  ashes;  light;  ven- 
tilation ;  and  freedom  from  excessive  dampness. 

In  regard  to  the  third  point,  it  is  obvious  that  daylight  is 
preferable  to  any  other,  and  is  particularly  needed  for  cleaning 
or  repairing  machinery ;  but  it  often  happens  that  it  is  necessary 
to  locate  an  isolated  plant  where  only  artificial  light  can  be 
obtained,  in  which  case  electric  lamps  may  be  employed ;  but  it 
is  very  important  to  have  at  least  one  or  more  gas-lights,  or 
other  independent  lights,  in  case  of  accident  to  the  electrical 
plant,  at  which  time  light  would  be  urgently  required. 

The  central  station,  as  already  stated,  usually  has  a  building  of 
its  own  largely  or  entirely  devoted  to  it.  If  the  building  is  already 
erected,  the  duty  of  the  electrical  engineer  is  to  arrange  it  to  the 
best  advantage.  This  will  ordinarily  require  some  modification, 
which  should,  of  course,  always  be  as  little  as  possible,  in  order 
to  save  time  and  expense.  As  a  usual  thing  central  stations 
located  in  buildings  originally  intended  for  other  purposes  have 
not  been  very  satisfactory.  Numerous  fires  and  a  great  deal  of 
bad  engineering  can  be  attributed  to  this  practice.  Indeed,  cen- 
tral stations  have  been  particularly  liable  to  fires,  and  this  fact 
should  always  be  borne  in  mind  in  designing  and  constructing 
the  building.  In  the  earlier  days  of  electric  lighting  this  use  of 
second-hand  buildings  was  quite  common ;  but  at  the  present  time 
electric  lighting  is  sufficiently  definite  and  well-established  to  war- 
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rant  the  putting  up  of  a  building  especially  for  the  purpose,  and 
this  is  now  usually  done.  In  this  case  the  electrical  engineer 
should  be  consulted  in  the  design  and  construction  of  the  build- 
ing, although  the  details  of  the  work  and  matters  having  little  or 
nothing  to  do  with  the  electrical  plant  had  better  be  left  to  archi- 
tects and  builders ;  in  fact,  it  would  be  the  same  mistake  for  the 
electrical  engineer  to  interfere  in  these  matters  as  for  the  architect 
to  dictate  in  regard  to  the  electrical  machinery. 

The  space  required  for  a  central  station  depends  upon  the 
number  and  kind  of  lights  to  be  supplied,  and  upon  the  character 
and  arrangement  of  the  machinery.  The  general  arrangement  of 
a  station  was  discussed  in  the  preceding  chapter,  and  it  would  not 
be  difficult  to  calculate  the  size  and  form  of  building  required  in 
any  given  case.  Two  things  must  be  carefully  considered,  —  first, 
the  building  must  be  adapted  to  the  plant  to  be  installed  in  the 
beginning ;  and  second,  it  must  be  arranged  so  that  enlargement 
can  be  made  without  disarranging  or  interfering  with  the  plant 
already  in  existence.  This  is  usually  best  secured  by  providing 
for  expansion  in  one  or  two  definite  directions,  the  building  being 
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Fig.  5.     Plan  of  Station  Arranged  for  Extension. 

extended  and  the  machinery  added,  when  needed,  as  shown  in 
^^S'  5»  21  plan  view  corresponding  to  the  vertical  section  in 
Fig.  I  on  page  46. 

It  is  customary  to  build  electrical  stations  of  wood  and  brick 
in  a  village  or  small  town ;  of  brick  with  a  smaller  amount  of 
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wood  for  larger  towns  ;  and  entirely  of  brick  or  stone,  in  order  to- 
to  be  more  substantial  and  ornamental^  in  a  large  city. 

Let  us  now  briefly  consider  the  foundation,  walls,  and  other 
parts  of  the  building,  which,  although  not  strictly  a  part  of  electri- 
cal engineering,  nevertheless  should  be  understood  and  consid- 
ered by  the  electrical  engineer  in  a  general  way. 

FOUIIDATIONS. 

The  foundation  is  the  most  important  part  of  a  building,  accord- 
ing to  Franklin,  and  this  is  particularly  true  of  electric-lighting 
stations  which  contain  heavy  machinery.  The  electric-light  engi- 
neer must  therefore  exercise  the  greatest  care  to  secure  substan- 
tial and  enduring  foundations.  The  particular  kind  of  foundations 
will  depend  upon  the  character  of  the  ground  and  other  local  con- 
ditions. Cases  may  occur  varying  from  stations  located  on  piles- 
to  stations  which  are  set  upon  solid  rock.  Certain  general  engi- 
neering principles  apply,  however,  to  almost  all  cases,  and  are 
reasonably  definite  and  reliable.  Foundations  should  not  be 
likely  to  be  affected  injuriously  by  frost,  water,  air,  weather,  or 
other  mechanical  or  chemical  action.  Foundations  may  be  dis- 
placed vertically  by  compression  or  settling  of  the  ground,  or 
horizontally  by  the  sliding  of  the  substrata  on  one  another. 
Almost  all  foundations  are  liable  to  a  slight  amount  of  settling- 
which  may  be  perfectly  legitimate ;  but  any  excessive  or  irregular 
settling  of  the  different  parts  of  the  building  is,  of  course,  very 
objectionable.  A  careful  investigation  should,  therefore,  be  made 
of  the  character  of  the  ground  by  driving  piles  or  iron  tubes 
(ordinary  gas-pipe),  excavating,  etc.,  to  ascertain  exactly  what  the 
ground  will  support,  and  what  kind  of  foundation  is  required. 

Foundations  are  either  natural  or  artificial.  The  former  are 
those  in  which  there  is  solid  rock  or  sufficiently  substantial  soil  in 
situ  to  support  the  building  without  any  reenforcement. 

Artificial  foundations  are  those  in  which  piles,  iron  beams, 
caissons,  or  other  special  means  are  employed  to  reenforce  soil 
which  is  not  sufficiently  firm  itself. 

The  drainage  of  foundation  should  be  carefully  attended  to.. 
Means  should  be  provided  to  free  the  foundation,  excavation, 
and  trenches  from  water  accumulations,  either  by  connections  to^ 
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the  regular  town  drainage  system,  or  by  temporary  outlets,  pumps, 
etc.  It  is  better  to  divert  springs  and  water  channels,  than  to 
attempt  to  dam  them  away  from  foundations ;  because  the  latter 
requires  a  perfectly  impervious  wall,  which  is  difficult  to  make  and 
is  likely  to  crack.  The  foundation  for  any  important  structure 
should  be  carefully  tested,  as  already  stated,  by  driving  piles, 
digging  deep  pits  at  various  points  of  the  foundation  site,  or  by 
augur  boring,  which  brings  up  samples  of  the  various  soils  it  passes 
through.  An  actual  test  of  the  foundation  soil  may  be  made  by 
applying  to  a  certain  portion  of  the  ground  a  certain  weight  per 
square  foot,  corresponding  to  the  weight  of  the  building,  etc.,  to 
be  carried.  In  addition  to  these  tests,  one  may  be  guided  by  the 
general  data  of  the  safe  bearing-power  of  soils,  etc.,  the  values 
for  which  have  been  obtained  by  experience.  These  are  given  in 
the  following  table  :  — 

Hard  Rock,  in  thick  strata,  can  carry  200  tons  per  square  foot 

Gravel  and  Coarse  Sand,  well  cemented  with  clay,  protected  from  water* 

4  to  8  tons. 
Sand,  compact  and  not  liable  to  lateral  disturbance,  4  to  8  tons. 
Sand,  clean,  dry,  2  to  4  tons. 
Clay,  in  thick  beds,  always  dry,  4  to  6  tons. 
Clay,  moderately  dry,  2  to  4  tons. 
Clay,  soft,  from  1  to  1.5  tons. 
Quicksand,  alluvial  soil,  etc.,  according  to  dampness,  .5  to  1  ton. 

Mud,  quicksand,  and  other  semi-liquid  soils  will,  according  to 

Rankine,*  support  per  unit  of  area  a  weight  equal  to  wh  I    "^   — -  ] » 

\1— sinay 

in  which  w  is  the  weight  of  a  unit  volume  of  soil,  A  is  the  depth 

of  immersion,  and  a  is  the  angle  of  repose  of  the  soil.     It  is  not 

wise,  however,  to  rely  much  upon  the  bearing-power  of  such  soils ; 

and  it  is  better  either  to  remove  them  entirely,  to  sink  piles  or 

caissons  through  them  to  a  solid  substratum,  or  to  consolidate  the 

soil  by  adding  sand,  earth,  or  stone. 

In  case  the  ground  is  so  soft  or  unreliable  as  to  require  the 

driving  of  piles,  these  may  be  of  hemlock,  spruce,  oak,  yellow  pine, 

or  other  suitable  and  available  wood,  perfectly  straight  and  round, 

80  to  40  feet  long,  and  not  less  than  10  inches  diameter  at  the 

smaller  end,  and  14  inches  at  the  larger.     Piles  should  be  driven 

•  Rankine^s  Civil  Engineerings  p.  379. 
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perfectly  vertically,  and  after  being  driven  should  have  their  heads 
sawed  off  squarely  to  a  uniform  height.  This  level  should  be 
below  the  lowest  point  at  which  the  water  in  the  soil  is  known  to 
stand  ;  otherwise  the  heads  of  the  piles  will  quickly  rot  where 
they  project  above  the  water-level.  Piles  should  be  capped  with 
a  timber  "  crib,"  on  which  rest  the  foundation  stones.  This  crib 
usually  consists  of  12x12  inch  spruce  or  yellow  pine,  placed  lon- 
gitudinally, and  treenailed  to  the  piles,  the  space  between  the 
caps  being  filled  with  concrete. 

Rankine's  formula  for  the  supporting-power  of  piles  is  :  — 


'=v/^ 


Whse  .  4//V^      2dse 


in  which  P  is  total  supporting-power  in  tons,  W  is  weight  of  pile- 
driver  ram  in  tons,  h  is  height  of  fall  in  feet,  s  is  section  of  pile  in 
square  feet,  e  is  coefficient  of  elasticity  of  pile  in  tons  per  square 
foot,  /  is  length  of  pile  in  feet,  and  d  is  distance  in  feet  that  the 
pile  is  moved  by  the  last  blow.  A  factor  of  safety  of  from  5  to 
10  should  be  allowed  in  using  the  above  formula. 

Metal  piles  made  of  wrought  or  cast  iron  are  sometimes  used. 

Excavating.  —  It  is  well  to  excavate  the  entire  space  under  the 
engine-room  to  a  depth  of  8  or  10  feet,  so  as  to  get  clear  head- 
room in  the  basement.  Excavate  for  all  side,  cross,  and  gable 
walls,  all  foundations,  and  also  central  space  between  boilers  to 
form  a  basement  under  the  boiler-room  for  ash  and  coal  han-^ 
dling  apparatus,  flues,  and  pipes.  The  excavated  material  usually 
increases  considerably  in  bulk,  ordinary  earth  occupying  about 
one-quarter  more  space,  rock  about  one-half  more ;  but  loose  soils, 
may  actually  compress  into  less  space  than  occupied  in  their  nat- 
ural position.  Excavating  is  measured  and  priced  by  the  cubic 
yard,  and  the  ordinary  single  cart-load  is  equal  to  one  cubic  yard. 
The  cost  of  excavating  depends  upon  the  hardness  of  the  soil  and 
depth  of  excavation,  etc.  The  maximum  distance  that  material 
can  be  thrown  up  with  a  shovel  is  6  feet ;  hence,  for  greater 
depth,  intermediate  staging,  or  levels,  must  be  provided,  or  the 
material  must  be  carted  out  on  an  incline,  or  else  hoisted.  In 
loose  ground  a  man  can  shovel  about  10  cubic  yards  per  day  of 
10  working-hours  ;  in  stiff  clay  or  firm  gravel,  about  6  yards ;  in 
hard  ground,  where  picking  is  required,  4  yards.     One  man  can 
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remove  10  cubic  yards  to  a  distance  of  20  yards,  by  means  of 
a  wheelbarrow,  in  one  day.  In  excavating  in  compact  soil,  the 
sides  are  supported  by  short  rough  boards  called  "  poling-boards," 
which  are  laid  vertically  against  the  sides,  at  intervals,  and  kept 
in  place  by  cross-struts  of  timber. 

If  the  excavation  be  a  cellar,  the  sides  must  be  sustained  by 
inclined  "  shores  "  footed  upon  the  excavated  bottom.  In  very 
loose  soil,  long  poling-boards  are  placed  horizontally  close  together, 
and  usually  held  in  place  by  short  vertical  wales  of  stout  plank 
and  struts  of  timber  across  the  trench.  Excavations  should  be  6 
inches  wider  on  each  side  than  the  width  of  the  foundation  base, 
and  the  bottom  should  be  made  perfectly  level ;  or,  if  on  rising 
ground,  in  as  long  benches  or  steps  as  the  gradient  will  allow. 
Trenches  should  be  3  feet  wide  if  8  or  9  feet  deep,  and  4  feet 
-wide  if  over  9  feet  deep. 

Underf ooting.  —  Foundation  trenches  are  sometimes  filled  to  a 
depth  of  2  feet  or  more  with  broken  stone,  gravel,  sand,  and  con- 
crete, well  rammed  in  convenient  layers.  This  greatly  increases 
the  bearing-strength  of  the  soil.  When  concrete  is  used,  it  should 
be  made  of  good  hard-setting  lime,  or  hydraulic  cement,  so  that  it 
may  act  as  a  monolithic  structure,  in  order  to  distribute  the  pres- 
sure over  its  whole  area. 

Foundation  Footings.  —  The  base  or  footing  of  the  foundation 
projects  considerably  beyond  the  walls  themselves,  in  order  to 
distribute  the  pressure  over  a  greater  area.  The  following  points 
should  be  taken  into  consideration  :  — 

1.  The  area  should  be  sufficient  to  impose  upon  the  subsoil  a 
pressure  which  it  will  safely  bear  per  unit  of  area. 

2.  The  foundation  should  support  its  load  at  or  near  its 
center. 

3.  The  upper  surface  should  be  made  horizontal  in  one  plane, 
if  possible,  or  in  benches  on  rising  ground. 

Three  kinds  of  foundation  are  employed  :  — 

1.  Those  in  which  the  foundation  is  of  uniform  width. 

2.  Those  in  which  the  foundation  is  wide  where  piers  or  pilas- 
ters occur,  and  narrow  between  them  where  the  load  is  much  less. 

3.  Those  which  consist  of  isolated  parts  not  connected  with 
each  other.  In  this  last  case  the  excavation  consists  of  pits 
instead  of  trenches. 
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In  ordinary  practice  the  footing-courses,  upon  which  the  walls 
of  the  building  proper  rest,  consist  of  blocks  or  slabs  of  stone  as 
large  as  are  available  and  convenient  to  handle.  Footings  of 
brick  or  concrete  are  also  used  in  very  soft  soils  ;  footings  con- 
sisting of  timber-grillage  are  often  employed.  A  grillage  of  iron 
or  steel  beams  has  also  been  used  successfully.  The  inclination 
or  angle,  a  (Fig.  6),  of  footing  should  be  about  as  follows : 


Fig.  6.    Angh  for  Foundation  Footing, 

For  metal  footings  76°,  for  stone  60**,  for  concrete  45°,  and  for 
brick  80°.  Damp-proof  courses  of  slate,  or  layers  of  asphalt,  are 
laid  in  or  on  the  foundations  or  lower  walls  to  prevent  moisture 
arising  or  penetrating  by  capillary  action. 

The  foundations  for  the  machinery  should  be  entirely  separate 
from  those  of  the  walls  and  other  parts  of  the  building.  The 
question  of  foundations  for  machinery  is  particularly  troublesome, 
because  it  involves  the  problem  of  preventing  the  transmission  of 
vibrations  to  adjoining  rooms  or  buildings.  Electrical  machinery, 
and  the  engines,  shafting,  etc.,  used  in  connection  with  it,  usually 
run  at  a  high  speed ;  and  this  fact  aggravates  the  vibration.  The 
character  of  the  ground  upon  which  the  foundations  rest  deter- 
mines how  far  and  how  intensely  the  vibrations  are  conveyed. 
Sand  or  soft  earth  transmits  them  poorly ;  firm  earths  transmit 
quite  well,  and  rock  almost  perfectly.  In  cases  where  vibrations 
are  likely  to  be  transmitted  and  cause  annoyance,  various  mate- 
rials have  been  used  to  deaden  them,  such  as  sand,  wood,  hair-felt, 
mineral  wool,  and  asphaltic  concrete.  In  rock  or  firm  earth  one 
plan  is  to  excavate  a  pit  two  or  three  feet  deeper  and  two  or  three 
feet  wider  on  all  sides  than  the  foundations  are  intended  to  be. 
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A  bed  of  the  same  thickness  of  sand  is  then  put  in  the  bottom, 
and  the  foundations  are  built  upon  this,  and  are  filled  around  with 
sand.  Another  way  is  to  lay  foundations  upon  a  crib  of  2"  x  12" 
wooden  plank,  and  cap  the  foundations  with  timber ;  but  wood 
transmits  vibration  too  well  to  be  very  effective  for  deadening 
purposes.  On  solid  rock,  where  there  is  great  fear  of  transmit- 
ting vibrations,  the  rock  may  be  excavated  six  feet  deeper  than 
the  foundations,  and  filled  in  with  hair-felt  or  mineral  wool,  upon 
which  the  foundation  is  built.  The  most  satisfactory  solution  of 
this  problem  seems  to  be  the  use  of  bituminous  or  asphaltic  con- 
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Crete,  which  is  made  to  form  the  lower  one,  or  two  feet  of  the 
foundations,  the  remainder  being  brickwork,  or  ordinary  concrete 
with  a  bluestone  cap.  This  has  been  extensively  tried  in  France 
for  steam-hammers,  engines,  dynamos,  etc.,  with  excellent  results. 

The  machinery  foundations  themselves  consist  of  a  mass  of 
brickwork,  stone-masonry,  or  concrete,  upon  which  the  machinery 
is  placed,  the  latter  being  usually  held  firmly  in  place  by  bolts 
passing  entirely  through  the  mass. 

These  bolts  are  built  into  the  foundations,  the  proper  positions 
for  them  being  determined  by  a  wooden  frame  or  template,  as  indi- 
cated in  Fig.  7.  The  brickwork  for  machinery  foundations  should 
consist  of  hard-burned  bricks  of  first  quality,  laid  in  good  cement- 
mortar.  Ordinary  lime-mortar  is  entirely  unfit  for  the  purpose, 
being  likely  to  crumble  away  under  the  effect  of^the  vibrations 
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caused  by  the  machinery.  Brick  or  concrete  foundations  should 
be  finished  with  a  cap  or  slab  of  bluestone.  This  tends  to  hold 
the  foundations  together,  and  also  forms  a  level  surface  upon 
which  to  set  the  machinery.  If  the  engine  is  self-contained,  that 
is,  provided  with  a  cast-iron  base,  a  stone  cap  for  brick  founda- 
tions may  be  dispensed  with. 

"^alls. — The  walls  of  the  building  may  consist  of  either  wood, 
brick,  stone,  or  iron,  depending  upon  its  location,  size,  and  other 
circumstances.  The  walls  of  a  station  in  a  small  town  were 
formerly  built  of  wood  in  many  cases,  but  present  practice  is  to 
adopt  brick  or  stone  except,  perhaps,  for  unimportant  or  tem- 
porary plants;  Corrugated  iron  has  also  been  used  because  it  is 
cheap  and  fireproof,  but  is  very  unsatisfactory  as  it  rusts  out 
rapidly.  A  new  fireproof  construction  consists  of  **  expanded 
metal  *  *  (sheet  iron  with  rough  holes)  supported  on  iron  frame- 
work and  covered  with  cement  mortar  outside  and  hard  plaster 
inside. 

A  simple  type  of  electric-light  station,  designed  by  Mr. 
C.  J.  H.  Woodbury,  is  represented  in  Fig.  8.  The  right-hand 
side  shows  a  wooden  wall,  and  the  left-hand  side  a  brick  wall 
construction.  Brick  walls  should  be  at  least  12  inches  thick, 
even  in  small  stations,  and  16  or  20  inches  thick  in  large  ones. 
There  may  be  a  pilaster  at  each  roof-truss,  having  8  inches  pro- 
jection and  24  inch  face,  or  the  wall  may  be  of  uniform  thickness 
if  sufficiently  heavy.  More  elaborate  stations  are  shown  in  Figs. 
2  and  3  and  in  Chapter  XXV. 

The  bricks  used  should  be  hard-burned,  and  have  clean,  sharp 
edges,  no  salmon  or  light-colored  brick  being  allowed. 

The  common  size  of  bricks  is  about  8  by  3i  to  4  by  2  to  2J 
inches,  or  about  24  per  cubic  foot  (including  mortar),  and  weighing 
about  4i  lbs.,  or  2J  tons  per  thousand.  A  pressed  brick  of  the 
same  size  will  average  about  5  lbs.  each.  The  crushing  strength 
of  bricks  varies  greatly.  A  soft  one  will  crush  at  about  500  or 
1,000  lbs.  per  square  inch,  while  a  first-rate  machine-pressed  brick 
will  not  crush  with  less  than  3,000  to  5,000  lbs.  per  square  inch. 
Cracking  and  splitting,  however,  usually  commence  at  about  one- 
half  the  crushing  load ;  and  to  be  really  safe  the  load  should  not 
exceed  one-tenth  of  the  crushing  strength.  Bricks  may  be  laid  in 
common  lime  mortar  or  cement  mortar ;  the  latter  is  much  prefer- 
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able,  particularly  if  the  walls  are  subjected  to  vibration,  or  are 
required  to  carry  considerable  weight,  in  cases  where  machinery 
is  put  upon  floors  supported  by  the  walls,  or  where  traveling  cranes 
are  used.  Common  mortar  consists  of  one  part  of  quicklime  and 
three  to  four  parts  of  sand  by  bulk.  About  20  cubic  feet  of 
mortar  are  sufficient  to  lay  a  thousand  brick  with  coarse  joints 
of  I  inch,  usual  in  interior  walls.  In  such  cases  one  thousand 
brick  make  2  cubic  yards  of  massive  work,  nearly  one-third  of 
the  volume  being  mortar.    For  outside  or  other  joints  which  show, 
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a  whiter  and  thinner  layer  of  mortar  is  used,  made  of  one  part 
of  lime  to  21  or  3  i  parts  of  sand.  It  is  necessary  to  protect 
quicklime  from  moisture,  as  even  the  moisture  of  the  air  will 
cause  it  to  undergo  the  process  of  air-slaking.  The  average 
weight  of  common  hardened  mortar  is  105  to  115  lbs.  per  cubic 
foot.  The  crushing  strength  of  good  common  mortar  six  months 
old  is  from  125  to  200  lbs.  per  square  inch.  Both  the  sand  and 
lime  of  lime  mortar  should  be  free  from  clay  and  soil.  Mortar 
should  not  be  mixed  upon  the  surface  of  clay  ground ;  but  a  rough 
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board,  brick,  or  stone  platform  should  be  interposed.  Pit  sand 
sifted  is  excellent  for  mortar.  Its  sharp  angles  make  with  the 
lime  a  more  coherent  mass  than  the  rounded  grains  of  river  or 
sea  sand,  the  latter  also  having  the  objection  of  containing  salt, 
which  is  very  difficult  to  remove.  One  barrel  of  unslaked  lime 
{230  lbs.)  will  make  about  one  cubic  yard  of  ordinary  mortar. 
Mortar  should  be  applied  wetter  in  hot  than  in  cold  weather. 

As  already  stated,  cement  mortar  is  preferable  to  common 
mortar,  when  required  to  stand  considerable  weight  or  vibration. 
This  consists  of  1  part  of  cement  and  2  to  4  parts  of  sand.  It  is 
very  important  that  the  cement  and  sand  be  thoroughly  mixed. 

A  bricklayer  and  a  laborer  to  keep  him  well  supplied  with 
materials  will,  in  common  house  walls,  lay  an  average  of  about 
1,200  to  1,500  brick  per  day  of  10  working  hours ;  in  good,  ordi- 
nary street  fronts  700  to  1,000,  and  on  very  fine  work  with  angles, 
etc.,  160  to  800.  In  plain  massive  engineering  work  he  should 
average  about  1,600  per  day.  Higher  figfures  than  these  are 
sometimes  given  by  engineering  authorities,  but  it  is  doubtful 
if  they  can  be  realized.  This  may  partly  be  accounted  for  by 
the  fact  that  the  working-day  is  now  only  9  or  even  8  hours, 
instead  of  10,  which  was  formerly  the  rule. 

Brick  with  rounded  corners  may  be  used  around  the  windows 
both  at  the  sides  and  on  the  sill,  also  at  the  doorways.  It  gives 
a  better  finish  and  appearance. 

Stone  walls  for  stations  are  used  in  large  cities  where  more 
substantial  and  ornamental  structures  are  desired.  The  kind  of 
stone  employed  for  the  purpose  will  depend  upon  what  is  most 
available,  but  would  ordinarily  be  sandstone,  limestone,  or  granite, 
laid  in  cement  mortar.  The  cost  of  good  stone  masonry  of 
course  varies  greatly,  but  is  usually  between  $20  and  $40  per 
cubic  yard. 

The  -most  modern  construction  especially  for  large  and  im- 
portant buildings  consists  of  steel  frames  with  an  outer  facing  of 
stone  or  brick.  It  may  be  designed  to  carry  any  given  weight, 
and  the  external  appearance  of  the  building  may  be  made  as  fine 
and  ornamental  as  desired. 

Roofs. — The  roof  beams,  or  trusses  which  support  the  roof 
proper,  may  consist  of  either  wood  or  iron,  the  former  having  the 
advantage  of  cheapness,  the  latter  being  stronger  and  fireproof. 
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The  simple  roof  construction  shown  in  Fig.  8,  consisting  of  tim- 
bers 10  or  12  inches  square  and  10  feet  between  centers,  will 
answer  for  small  stations.  For  larger  stations  wooden  roof 
trusses  may  be  used,  but  steel  trusses  are  generally  worth  the 
extra  cost  In  order  to  reduce  the  fire  risk.  It  is  customary  ta 
have  a  louver  or  monitor,  with  side  ventilators,  as  in  Fig.  8. 
This  may  be  omitted,  however,  if  there  is  much  danger  from 
outside  fires.  Whether  the  trusses  be  of  wood  or  iron,  the  roof 
itself  may  be  made  of  3-inch  plank  splined,  having  a  proper  pitchy 
and  covered  with  slate,  tin,  or  tar  and  gravel. 


Fig.  9.     iron  Roof  Construct/on. 

Since  electrical  stations  have  been  particularly  liable  to  fires^ 
and  since  sprinklers  are  not  usually  desirable  in  them,  it  is  well 
to  make  the  roof  fireproof  by  constructing  it  of  terra-cotta  blocks, 
tiles,  or  of  cement-concrete  with  ** expanded  metal"  as  the  tension 
member  of  the  slab.  A  plank  roof  may  be  made  almost  fireproof 
by  covering  the  under  side  with  expanded  metal  and  hard 
plaster.  Examples  of  iron  roof  construction  are  given  in  Figs. 
2,  4  and  9,  which  also  show  the  travelling  crane,  a  necessary 
element  in  plants  of  any  size. 

Floors. — The  engine  and  dynamo  room  floor  may  consist  of 
two  layers  of  plank,  the  first  of  yellow  or  Norway  pine  splined, 
and  the  second  of  ^-inch  maple.  The  boards  of  the  second  floor 
should  not  be  over  4  inches  wide,  and  should  be  blind-nailed* 
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A  brick  or  cement  floor  is  sometimes  considered  undesirable  for 
a  room  containing  machinery,  because  the  grit  produced  by  wear 
is  stirred  up  by  walking  or  sweeping,  thereby  getting  into  the 
bearings  and  other  parts  of  the  machinery,  and  causing  them  to 
wear  and  heat.  For  that  reason  a  wooden  surface  for  the  floor  is 
generally  provided  in  rooms  containing  running  machinery.  In 
the  case  of  high-potential  plants  another  reason  advanced  for 
using  wooden,  and  not  brick  or  cement,  floors  is  the  fact  that  the 
latter  would  be  apt  to  cause  a  man  standing  on  them  to  make 
electrical  connection  with  the  ground,  and  accidental  contact 
with  a  dynamo  or  wire  might  injure  or  even  kill  him.  In  fact, 
where  dangerously  high  voltages  are  generated,  some  special 
means  should  be  carefully  provided  for  securing  perfect  insulation 
of*the  floor  in  the  neighborhood  of  dynamos,  switchboards,  and 
other  places  where  men  have  to  handle  the  high-tension  apparatus. 
This  may  consist  of  rubber  mats,  or  the  floor  may  be  made  of 
boards  or  planks  having  the  pores  filled  with  oil,  paraffine,  or 
other  substance  to  prevent  absorption  of  moisture.  These 
planks  should  be  held  by  blind-nailing,  or  by  driving  the  nail- 
heads  below  the  surface  three  quarters  of  an  inch  or  more,  the 
holes  being  filled  afterwards  with  wooden  plugs,  in  order  that 
persons  may  not,  by  accidental  contact  with  the  nails,  be  hurt. 
Where  extremely  high  voltages  are  employed,  a  special  insulated 
floor  or  platform  mounted  on  glass  or  other  insulators  should 
be  constructed.  A  well-insulated  floor  is  the  best  safeguard 
against  shocks  to  those  working  about  high-potential  machinery, 
and  is  well  worth  putting  in,  although  it  may  not  absolutely  pre- 
vent such  accidents. 

The  floor  of  the  boiler-room  should  always  be  made  of  brick, 
concrete,  cement  or  other  suitable  fireproof  materials,  because  in 
this  case  there  is  not  the  same  objection  to  grit  and  electrical 
conduction  which  may  be  urged  against  these  materials  when 
used  for  the  floors  of  engine  and  dynamo  rooms. 

Division  of  Station  Building.— In  the  station  building  space 
must  be  provided  for  the  various  parts  of  the  plant  and  business 
as  follows :  The  boiler-house  may  be  a  separate  building,  which 
in  some  respects  is  desirable  to  remove  fire  risk  and  dirt.  In  any 
case  a  brick  wall  or  partition  should  be  interposed  between  the 
boiler-room  and  the  other  parts  of  the  building,  in  order  to  shut 
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off  danger  of  fire;  and  this  partition  should  be  impervious  with- 
out any  direct  opening  into  the  engine  and  dynamo  room,  in 
order  to  exclude  dirt  and  grit.  If  a  doorway  is  needed,  the  door 
should  be  of  the  self-closing,  tin-clad,  fireproof  type. 

In  or  near  the  boiler-room,  space  must  be  provided  for  the 
coal,  ashes,  pumps,  heaters,  etc.;  and  it  is  important  that  thi-^ 
space  should  be  suitably  and  conveniently  arranged,  the  pumps, 
for  example,  being  put  in  a  separate  room.  To  provide  against 
interruption  of  coal  supply  by  strikes  or  snow-storms  it  is  very 
important  to  have  ample  storage  capacity.  This  may  consist  of 
bins  in  the  station  (Fig.  2)  or  near  by.  Conveyers  and  other 
facilities  for  handling  the  coal  and  ashes  should  also  be  installed. 
The  engines  and  generators,  being  the  most  valuable,  delicate, 
and  important  parts  of  the  plant,  should  have  ample  space, 
suitably  located  and  arranged.  Facilities  should  be  provided  for 
handling  the  machinery  conveniently,  the  best  plan  being  to  have 
travelling  cranes  as  in  Figs.  2  and  4.  There  should  be  rooms  for 
the  various  officers,  clerks  and  other  employees.  Supply  and 
storage  rooms  are  needed,  as  well  as  repair  shops  for  both  metal 
and  wood  work. 

In  case  overhead  wires  are  used  to  distribute  the  current,  a 
wire  tower  may  be"  built  on  top  of  the  building,  usually  at  one 
end  or  corner.  If  the  current  is  distributed  by  underground  con- 
ductors, a  cable-room  should  be  arranged  where  the  conduits 
lead  out  of  the  building.  If  a  storage  battery  be  a  part  of  the 
plant,  a  suitable  room  must  be  provided  for  it,  shut  off"  as  far  as 
possible  from  the  machinery  and  instruments,  in  order  that  the 
fumes  from  the  battery  may  not  corrode  them.  Several  small 
rooms  are  usually  needed  for  testing  and  adjusting  lamps,  meters, 
measuring-instruments,  etc.,  the  number  and  size  of  these  depend- 
ing upon  the  character  and  magnitude  of  the  business. 

All  these  different  rooms  and  departments  should  be  carefully 
considered  and  provided  for  in  the  original  plans.  It  is  not  wise 
to  build  what  appears  to  be  a  sufficiently  large  structure,  and  then 
try  to  fit  in  the  various  rooms  and  spaces  afterwards. 

In  many  cases  the  wires  are  brought  in  directly  through  a 
portion  of  the  wall  of  the  building.  This  matter  has  been  dis- 
cussed by  C.  E.  Skinner  and  others.* 

*  Trans.  Amer.  List  Elec.  Eng.,  July,  igc^. 
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Stairs  and  Elevators  should  be  placed  outside  where  possible^ 
or,  if  inside  the  building,  stairs  should  be  completely  partitioned 
off  from  the  room  below  with  brick  or  hard  wood,  and  provided 
with  self-closing  doors,  hung  at  the  bottom  of  the  flight.  Ele- 
vators should  be  completely  partitioned  off  by  brick  walls,  or  not 
incased  at  all,  but  provided  with  approved  self-closing  hatches. 

Inside  Finish. — There  should  be  as  little  as  possible  extra 
inside  finish,  such  as  sheathing,  lath,  plaster,  etc.,  that  would 
leave  concealed  places,  or  add  inflammable  material  to  the  station. 
If  the  building  be  of  brick,  the  inside  should  be  left  perfectly 
plain,  or  finished  with  paint  to  cover  the  roughness.  If  con- 
structed of  wood,  the  timbers  and  boarding  should  be  dressed  on 
the  inside,  if  a  rough  finish  is  undesirable. 

It  is  better  to  leave  the  inside  walls  and  ceilings  plain  and 
open,  and  sacrifice  appearance  for  safety  against  fire,  which 
central  stations  seem  to  have  been  particularly  liable  to.  The 
use  of  tiles  on  the  interior  walls,  which  is  quite  common  in 
English  and  Continental  stations,  gives  a  finish  which  is  excel- 
lent in  appearance  and  cleanliness ;  but  it  would  ordinarily  be 
looked  upon  as  an  extravagance  in  this  country,  where  first  cost 
is  considered  so  important. 

Fire  Doors  and  Shutters  may  be  made  of  two  thicknesses  of 
one-inch  matched  boards,  with  a  layer  of  asbestus  between,  and 
nailed  together  with  French  nails.  The  boards  should  run 
diagonally,  the  two  sides  in  opposite  directions,  to  give  strength. 
The  covering  should  be  tin,  laid  on  with  flat  lock,  securely  nailed 
under  the  lap,  covering  both  sides  and  edges  completely.  The 
frame  or  casing  should  be  as  securely  tin-clad  as  the  door  or 
shutter,  which  should  be  provided  with  a  strong  latch,  to  hold  it 
in  place.  These  doors  are  claimed  to  be  better  than  those  entirely 
made  of  wrought  iron,  for  the  reason  that  they  do  not  warp  so 
much  when  heated.  Fire  doors  and  shutters  of  corrugated  sheet 
iron  are  less  likely  to  warp  than  flat  plates,  and  are  frequently 
employed. 

Fire  Apparatus.  —  Automatic  sprinklers  may  be  arranged 
about  the  building ;  but  they  would  be  rather  objectionable  in 
the  dynamo  or  supply  rooms,  as  any  drip  from  them  would  cause 
serious  injury :  but  hydrants,  pumps,  fire-hose,  and  fire-buckets, 
the  last  being  kept  full  of  water,  should  be  provided  in  stations 
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to  an  extent  corresponding  to  the  importance  of  the  station,  and 
the  danger  of  fire. 

The  Chimney  is  usually  a  very  promi- 
nent feature  of  an  electric-light  station,  and 
its  design  and  construction  demand  con- 
siderable engineering  ability.  Great  differ- 
ence of  opinion  exists  as  to  the  relative 
desirability  of  brick  or  iron  smoke-stacks. 
The  former  is  more  substantial,  architec- 
turally better  in  appearance,  and  does  not 
lose  so  much  heat  by  radiation ;  but  the 
latter  is  cheaper  in  first  cost,  occupies  less 
space,  does  not  require  such  extremely  solid 
foundation,  and  is  not  so  likely  to  crack  and 
allow  cold  air  to  leak  in  as  the  former.  A 
brick  chimney  should  have  two  substantial 
walls,  with  an  air-space  between,  in  order  to 
prevent  the  cooling  and  the  cracking  of  the 
inner  wall  or  flue  proper. 

The  right  side  of  Fig.  10  shows  a  sec- 
tion, and  the  left  side  an  elevation,  of  a 
standard  brick  chimney,  dimensions,  etc. 
being  given.  The  almost  universal  rule 
is  that  the  external  diameter  of  a  brick 
chimney  at  the  bottom  should  be  at  least 
one-tenth  of  the  height,  in  order  to  give 
sufficient  stability  to  resist  wind-pressure. 
The  "  batter,"  or  taper,  of  a  brick  chimney 
should  be  from  i  to  i  inch  to  the  foot  on 
each  side.  Iron  stacks  should  be  lined 
with  brick  throughout  their  entire  height ; 
and  they  are  prevented  from  overturning 
by  strong  lugs  and  bolts  at  the  bottom, 
and  by  stays  or  braces  of  iron  rod  fastened 
to  an  angle  iron  ring  at  two-thirds  the 
height  of  the  stack,  and  spreading  in  three 
or  more  directions  at  about  an  angle  of  45° 
to  the  horizontal,  being  securely  attached  to 
Fiq.  10.  Brick  Chimney,         Suitable  objccts.     Iron  stacks  must  be  kept 
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well  painted,  to  prevent  rust.  In  some  cases  self-supporting  iron 
chimneys,  consisting  of  sections  bolted  or  rivetted  together,  have 
been  used.  These  have  the  advantage  of  not  requiring  guys  or 
braces  of  any  kind.  The  height  of  chimney  required  for  a  central 
station  or  large  isolated  plant  would  be  from  100  to  200  feet, 
depending  upon  the  boiler-power.  In  the  case  of  small  isolated 
plants,  the  chimney  may  merely  form  part  of  the  walls  of  the 
building. 

For  fiuther  information  regarding  foundations,  buildings,  etc., 
the  reader  is  referred  to  special  treatises  on  the  subject ;  such  as 
Masonry  Construction,  by  J.  O.  Baker,  Wiley,  N.Y.,  1891 ;  Build- 
ing  Construction,  Lippincott,  Philadelphia.  A  paper  by  William 
Brophy  on  "  Fire  in  Central  Stations  and  the  Question  of  In- 
surance," Electrical  Engineer,  N.Y.,  Aug.  23,  1893,  gives  the 
history  of  fires  in  central  stations,  and  suggestions  as  to  their 
prevention.  Papers  by  C.  J.  Field  on  "An  Ideal  Central  Power 
Station,"  Electrical  World,  Dec.  31,  1892,  and  by  M.  D.  Law 
on  "The  Perfect  Arc  Central  Station,"  Electrical  World,  Aug. 
17,  1889,  contain  much  practical  information  on  the  construction 
and  arrangement  of  stations.  Continental  Electric  Light  Central 
Stations,  by  Kellingworth  Hedges,  Spon,  London  and  New 
York,  1892,  contains  illustrations  and  descriptions  of  most  of 
the  important  European  stations  at  the  time  of  the  Frankfort 
Electrical  Exposition  of  1891. 
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CHAPTER  VII. 

P088IBLB  BOURCBB  OT  ZSLBCTRICAL  SNSROT. 

The  source  from  which  to  obtain  electrical  energy  is  obviously 
a  matter  of  prime  importance.  It  is,  however,  a  most  difficult 
problem,  and  one  which  is  undergoing  great  change  and  progress 
at  the  present  time.  The  difficulty  of  the  problem  is  increased 
by  the  fact  that  it  involves  some  of  the  deepest  principles  and 
finest  points,  not  only  in  mechanical  and  electrical  engineerings 
but  also  in  chemistry,  being,  as  it  were,  on  the  border-line 
between  these  great  branches  of  applied  science. 

The  interest  and  importance  attached  to  this  subject  make 
it  worth  while,  therefore,  to  carefully  consider  and  compare  the 
various  methods  of  generating  electricity,  including  not  only  those 
which  are  already  in  common  and  successful  use,  but  also  possi- 
ble methods,  even  though  they  be  not  yet  practical.  These  may 
be  arranged  as  shown  in  the  accompanying  table :  — 


FosBible  Methods  of  Oeneratdng  Electrioal  XSnersy. 


Natond  Sour*,  of  Energy.      "'^^{iS,""* 

Produce. 

Used  in  following 
apparatus. 

Produce. 

Fuel.                        ■\ 

r  Voltaic  battery, 

Electrical  eneigy, 

Including  Coal, 

-    Metallui:Kical 

23nc  or  other 

Voltaic  battery, 

Electrical 

ou.             \ 

apparatus, 

metal, 

energy. 

Natural  Gas, 

(  Thenno-electric 

"V 

Wood.            J 

batteiy, 
Thermo-magnetic 

1  Electrical 
1     energy, 

Heat  Of  Sun, 

Heat  of  Barth,           ) 

\      generator. 
Steam-engine, 

J 

Gas-engine, 

v.  Hot-air  engine. 

Water  Falls. 

Water-wheel, 

Mechanical 

r  Dynamo, 

)  Electrical 
j     energy. 

Tides. 

Water-wheel, 

Eneigy. 

'  ElectrosUtic 

Wave-motor, 

\    machine. 

Wind, 

Windmill, 

Treadmill  or 
crank. 

J 

This  table  shows  the  natural  sources  of  energy  that  are  at 
all  available,  all  of  which,  with  the  exception  of  the  power  of  the 
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tides  and  the  internal  heat  of  the  earth,  are  derived  from  the 
radiant  energy  supplied  to  the  earth  by  the  sun.  Of  these  pos- 
sible sources  only  two — ^fuel  and  water-power — are  now  used 
to  any  extent  to  produce  electrical  energy,  or,  indeed,  any  other 
form  of  energy  for  any  purpose  requiring  considerable  power. 

For  various  reasons,  chiefly  unreliability,  the  other  sources  are 
not  very  practical. 

Animal-power  can  be  used  to  generate  electrical  energy,  as 
in  the  case  of  a  small  dynamo  driven  by  hand ;  but  the  power  is 
very  small.  Even  a  strong  horse  working  in  a  treadmill  could 
hardly  drive  a  dynamo  of  sufficient  capacity  to  supply  ten  ordi- 
nary incandescent  lamps.  In  short,  animal-power  is  obviously 
inadequate  for  heavy  work. 

Wind-power  is  cheap  and  simple ;  but  it  is  proverbially  unre- 
liable and  unsteady,  and  therefore  requires  the  use  of  storage  bat- 
teries and  rather  complicated  automatic  devices  for  connecting  the 
windmill,  dynamo,  and  storage  battery.  Another  limitation  is 
the  fact  that  the  power  obtained  is  small.  For  example  a  wheel 
twenty  feet  in  diameter  develops  less  than  one  horse-power  with 
a  wind  of  sixteen  miles  per  hour.  This  subject  is  treated  further 
in  Chapter  XIV. 

Wave^power  is,  of  course,  primarily  derived  from  the  wind, 
but  it  is  not  quite  so  unreliable  or  unsteady.  There  are,  how- 
ever, great  difficulties  in  its  use.  It  is  not  practicable  to  drive  a 
dynamo  directly  by  a  wave-motor.  One  plan  consists  in  oper- 
ating a  pump  by  the  up-and-down  motion  of  a  buoy.  The 
water  from  the  pump  is  carried  through  a  pipe  to  a  reservoir  oa 
the  shore.  This  supplies  a  water-motor  which  drives  a  dynamo. 
In  another  arrangement  the  water-motor  and  dynamo  are  mounted 
on  the  buoy  and  the  water  is  pumped  into  a  chamber  under  con-^ 
siderable  air  pressure,  but  it  is  difficult  to  protect  the  dynamo 
from  moisture.  Articles  on  this  subject  appeared  in  the  •*  Elec- 
trical Engineer"  (N.  Y.)  Nov.  26,  1897,  and  •*  Western  Elec- 
trician"  Sept.  7,  1901. 

The  power  of  the  tides  is  really  due  to  the  energy  of  rotation 
of  the  earth  on  its  axis ;  and,  theoretically,  any  resistance  to  the 
flow  of  the  tides  produces  an  infinitesimal  slowing  down  of  the 
earth.  Tide-power  is  almost  the  only  natural  power  not  derived 
from  the  sun,  and  is  more  practical  than  wave-power.     The  usuat 
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way  of  obtaining  it  is  to  allow  the  water  to  run  into  a  pond  at 
high  tide,  and  when  the  tide  begins  to  run  out,  a  gate  auto- 
matically closes.  When  the  water-level  outside  falls  a  sufficient 
amount,  the  water  in  the  pond  is  allowed  to  flow  out,  and  to 
operate  a  turbine-wheel  which  drives  a  dynamo. 

This  power  is  much  less  likely  to  fail  than  ordinary  water- 
power,  being  nearly  constant  throughout  the  year,  except  that 
ice  would  be  apt  to  cause  trouble.  The  disadvantages  are  that 
the  turbine  can  only  be  run  twice  in  the  twenty-four  hours  for 
about  four  hours  each  time,  and  the  times  of  these  periods  change 
with  each  day.  This  would  necessitate  the  use  of  a  storage 
battery. 

It  is  evident  that  this  power  is  only  available  on  the  seacoast, 
and  then  only  at  places  having  a  large  rise  and  fall  of  tide,  which 
must  be  at  least  6  feet,  and  should  be  10  or  12,  since  the 
average  head  is  considerably  less.  It  is  not  likely  that  this 
source  of  energy  will  ever  be  largely  used  except  in  certain 
localities  for  small  amounts  of  power. 

Water-power  is,  as  already  stated,  one  of  the  two  great 
sources  of  power  used  for  large  and  important  work.  It  is  very 
simple  in  principle,  and  involves  no  very  difficult  theoretical  or 
practical  questions.  The  evaporative  action  of  the  sun  lifts  up, 
so  to  speak,  the  water,  which  afterward  condenses,  and  falls  as 
rain  upon  the  land ;  and  in  running  to  the  sea  in  the  form  of 
rivers  or  streams  it  is  capable  of  giving  mechanical  energy  in 
proportion  to  its  weight  and  the  height  through  which  it  descends, 
by  passing  it  through  a  turbine,  or  other  form  of  water-wheel, 
which,  in  turn,  drives  a  dynamo  that  generates  electricity.  Water- 
power  possesses  the  advantages  of  simplicity  and  cheapness ;  but 
it  has  the  disadvantage  of  liability  to  fail  during  droughts  in 
summer,  and  is  subject  to  troubles  from  ice  and  floods  in  winter 
and  spring.  Water-power  is  usually  not  so  cheap  as  is  supposed, 
largely  because  of  its  unreliability ;  and  frequently  steam-power  is 
preferred,  even  where  water-power  is  available.  The  amount  and 
accessibility  of  water-power  are  somewhat  limited ;  and,  with  the 
exception  of  Niagara  Falls,  most  of  the  water-power  in  the  thickly 
settled  parts  of  America  and  Europe  is  already  used. 

For  example,  the  water-power  at  Holyoke,  Mass.,  Rochester, 
N.Y.,  and  Paterson,  N.  J.,  which  are  about  the  largest   in   their 


POSSIBLE  SOURCES  OF  ELECTFICAL  ENERGY,  78 

respective  States,  are  already  nearly  all  used.  Some  countries,, 
like  Switzerland,  have  more  than  enough  for  their  needs;  but 
others,  like  England,  have  but  an  insignificant  fraction  of  what. 
is  required.  The  long-distance  transmission  of  electrical  energy 
from  water-powers  tends  to  overcome  this  limitation.  But  it  is  a. 
fact  that  most  of  the  power  developed  at  Niagara  is  used  locally 
for  electro-chemical  and  other  purposes.  Coal  is  so  cheap  in 
Buffalo  that  steam  power  can  be  produced  there  about  as  econom- 
ically as  electric  power  can  be  generated  at  Niagara  and  trans- 
mitted even  the  short  distance  of  twenty  miles.  On  the  Pacific 
coast  or  in  other  regions  where  coal  costs  more,  power  is  trans- 
mitted long  distances  advantageously. 

Tlie  Heat  of  tlie  Sun  is  a  source  of  energy  of  enormous  quan- 
tity, the  total  heat  received  per  annum  from  the  sun  by  the 
earth  being  equivalent  to  the  combustion  of  a  layer  of  coal  eight 
inches  thick  covering  the  entire  surface  of  the  globe.  A  large 
part  of  this  heat  is,  however,  intercepted  by  clouds  and  the  atmos- 
phere. Moreover,  the  heat  requires  concentration  or  accumula- 
tion in  order  to  develop  any  considerable  power,  the  average 
quantity  of  heat  received  per  square  yard  upon  a  clear  day  being 
equal  to  about  one  horse-power.  Ericsson  and  others  have 
focussed  the  sun's  heat  by  lenses  or  mirrors,  and  operated  engines, 
of  a  few  horse-power.  This  source  of  energy  has  the  insuperable 
difficulty  of  being  interrupted  by  cloudy  weather  for  weeks  at  a 
time.  If  this  heat  were  employed  to  operate  steam  or  other 
heat  engines,  the  case  would  be  very  similar  to  the  use  of  the 
heat  obtained  from  fuel,  which  will  be  discussed  later. 

Heat  of  the  Earth. — This  is  also  a  possible  source  of  energy 
of  vast  quantity.  It  manifests  itself  naturally  in  the  case  of 
thermal  springs,  volcanoes,  etc.  It  is  made  evident  artificially 
in  deep  mines  and  oil-wells.  A  well  near  Leipsic,  Germany,  is 
5,740  feet  deep,  and  has  a  temperature  of  135.5**  F.  at  the 
bottom;  and  another  at  Wheeling,  W.  Va.,  is  4,500  feet  deep, 
and  has  a  temperature  of  110. 3*"  F.  at  the  bottom.*  In  many 
otlier  places,  particularly  near  active  or  extinct  volcanoes,  the 
temperature  would  be  much  higher  at  a  given  depth.  This  can- 
not,  however,  be  said  to   be  a  practical   source   of  energy  at 

*  See  papers  by  Professor  W.  Hallock.  American  Association  for  the  Advancement 
of  Science^  vol.  xl..  1891,  and  vol.  xlii,  1893;  ^^^^  Gassings  Magazine^  Feb.,  1903. 
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present ;  but  it  is  by  no  means  impossible  that  deep  holes  might 
be  bored  in  favorable  localities  for  the  express  purpose  of  obtain- 
ing heat  from  the  earth.  To  obtain  mechanical  or  electrical 
power  from  this  heat  would,  as  in  the  case  of  the  sun's  heat,  be 
a  matter  similar  to  the  utilization  of  the  heat  of  fuel,  which  is 
the  next  subject  to  consider. 

Fuel.  —  The  use  of  fuel  in  the  production  of  electrical  energy 
is  one  of  the  most  momentous  and  difficult  problems  presented  to 
the  human  mind.  Even  a  fairly  satisfactory  solution  of  it  requires 
the  employment  of  some  of  the  most  important  principles  in  sci- 
ence and  engineering,  and  has  a  very  great  efifect  upon  civilization. 
A  direct  and  satisfactory  solution  of  this  grand  problem  is  the 
hope  and  aim  of  many  of  the  greatest  living  men  of  science ;  and 
its  probable  effect  would  be  to  revolutionize  present  methods  in 
agriculture,  mining,  manufacturing,  commerce,  and  even  domestic 
economy. 

The  energy  in  fuel  exists  in  the  form  of  chemical  affinity ;  that 
is,  the  atoms  of  carbon  and  hydrogen  of  which  it  is  composed 
have  a  very  strong  affinity  for  oxygen ;  and  under  proper  condi- 
tions combination  takes  place,  the  chemical  energy  possessed  by 
the  fuel  being  converted  into  some  other  form  of  energy,  usually 
that  of  heat.  This  energy  in  the  fuel  is  latent  or  potential  energy 
similar  to  that  of  a  stretched  spring,  which  is  entirely  inactive 
until  it  is  released.  In  fact,  carbon  is  one  of  the  most  inert  of 
all  substances  at  ordinary  temperatures,  and  will  exist  without 
sensible  action  or  change  for  centuries.  This  potential  energy  of 
fuel  is  stored  *in  it  by  the  action  of  the  sun's  rays  upon  plant-cells 
in  which  carbon  dioxide  is  decomposed,  carbonaceous  material 
being  formed  and  oxygen  set  free.  This  carbonaceous  material 
can  be  used  immediately  as  fuel,  as  in  the  case  of  wood ;  or  it 
may  be  converted  into  peat,  coal,  etc.,  by  long-continued  natural 
processes. 

The  ordinary  method  of  obtaining  energy  from  fuel  is  that  of 
combustion,  which  consists  in  causing  the  carbon  to  combine  with 
the  oxygen  of  the  air,  producing  carbon  dioxide  again,  and  gener- 
ating an  enormous  amount  of  energy  in  the  form  of  heat.  This 
combination  does  not  ordinarily  take'  place  except  at  a  high  tem- 
perature, usually  about  a  red  heat,  which  is  the  condition  neces- 
sary for  the  action. 
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Steam-Engines.  —  The  heat  energy  produced  by  combustion 
can  be  applied  in  various  ways  to  produce  mechanical  or  electrical 
energy,  the  most  'common  method  being  to  cause  it  to  evaporate 
water  in  a  boiler,  the  steam  produced  being  used  in  the  cylinder 
of  a  steam-engine  to  move  the  piston  and  produce  mechanical 
power.  In  the  gas-engine  the  fuel  in  the  form  of  gas  (which  may 
be  either  natural  gas  or  some  liquid  or  solid  form  of  fuel  pre- 
viously converted  into  gas)  is  caused  to  combine  with  the  oxygen 
of  the  air  directly  in  the  cylinder  of  a  suitable  machine,  the  com- 
bined gases  being  raised  to  a  high  pressure  by  the  combustion, 
thereby  actuating  the  engine.  These  and  other  similar  forms  of 
machine  are  called  heat-engines ;  and  with  the  exception  of  water- 
wheels  they  are  practically  the  only  prime-movers  or  original 
sources  of  power  used  for  generating  electrical  energy  or  for  any 
other  useful  purpose,  and  they  have  contributed  more  than  any 
other  factor  to  modern  civilization. 

Nevertheless,  there  are  certain  inherent  theoretical  and  prac- 
tical difficulties  which  apparently  leave  much  room  for  radical 
improvement  in  the  production  of  mechanical  and  electrical 
energy  from  fuel.  In  the  first  place,  the  method  now  ordinarily 
employed  to  generate  electricity  is  very  roundabout.  It  consists, 
first,  in  burning  coal  under  a  boiler ;  second,  evaporating  water  in 
the  boiler;  third,  conveying  the  steam  to  the  cylinder  of  the 
engine;  fourth,  allowing  the  steam  to  expand  and  move  the 
piston ;  fifth,  transmitting  the  motion  of  the  piston  by  means  of 
mechanism  to  produce  rotation  of  the  shaft  of  the  engine ;  sixth, 
causing  the  rotation  of  the  dynamo  by  mechanical  connection  with 
the  engine ;  seventh,  generating  electric  currents  in  the  dynamo 
by  revolving  conductors  in  a  magnetic  field.  Thus  we  see  that 
there  are  seven  distinct  steps  in  the  process  of  generating  elec- 
tricity, for  which  three  large  and  expensive  pieces  of  apparatus  are 
required ;  viz.,  boiler,  steam-engine,  and  dynamo,  each  of  which 
has  a  g^eat  many  parts  and  requires  considerable  attention ; 
and  these  three  main  pieces  of  apparatus  have  to  be  connected 
together  by  piping,  mechanism,  etc.,  which  still  further  compli- 
cate the  plant. 

In  addition  to  the  very  objectionable  indirectness  of  the  pres- 
ent method  of  generating  electricity  with  the  steam-engine  and 
dynamo,  there  is  a  theoretical  limitation  to  the  efficiency  of  a 
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heat-engine  which  is  still  more  serious.     The  greatest  possible 

efficiency  of  any  heat-engine  is  expressed  by  the  formula  E  ■= 
y  _  y 
— ^-; — 2.,  in  which  T^  is  the  initial  absolute  temperature  and   T^ 

the  final  absolute  temperature.  This  formula  is  derived  from  the 
second  law  of  thermo-dynamics,  and  signifies  that  if  steam  or  hot 
gases  enter  the  cylinder  of  a  heat-engine,  and  begin  to  act  at  a 
temperature  T^ ,  and  cease  to  act  and  pass  out  at  a  temperature 
7^2  >  then  the  maximum  possible  efficiency  of  that  engine  is  given 
by  the  formula.  For  example,  an  ordinary  non-condensing  engine 
receiving  steam  at  80  lbs.  pressure,  which  is  equivalent  to  a  tem- 
perature of  162'  C,  and  exhausting  or  giving  out  steam  at  the 
atmospheric  pressure  of  16  lbs.,  equivalent  to  IOC  C,  would  have 
an  efficiency 

=  (273  +  162M273-fl00)  ^  .^^         ^^^, 
273  +  162  *  *^ 

This  efficiency  is  theoretical,  and  takes  no  account  of  friction,, 
radiation  of  heat,  cylinder  condensation,  and  other  losses,  and  must 
therefore  be  still  further  reduced  in  order  to  represent  the  actual 
or  net  efficiency  given  by  the  engine.  These  losses  often  amount 
to  a  large  fraction  of  the  total  theoretical  power  of  the  engine. 
Assuming,  therefore,  that  the  theoretical  efficiency  of  a  given 
engine  is  15  to  20  per  cent,  as  calculated  by  the  above  formula, 
then  the  actual  commercial  efficiency  will  be  in  the  neighborhood 
of  8  to  12  per  cent.  As  a  matter  of  fact,  these  figures  are 
approximately  the  theoretical  and  actual  efficiencies  given  by  good 
steam-engines  in  ordinary  practice.  Another  way  to  arrive  at  this 
same  fact,  and  one  which  is  more  concrete,  is  to  compare  the 
actual  consumption  of  coal  per  horse-power  hour  with  the  amount 
of  coal  that  would  be  required  if  the  entire  energy  were  converted 
into  mechanical  work.  The  amount  of  heat-energy  produced  by 
the  complete  combustion  of  a  pound  of  good  coal  is  about  13,000 
units  (pound-Fahr.),  equal  to  about  10,000,000  foot-pounds,  which 
would  give  one  horse-power  for  five  hours  ;  consequently  the 
amount  of  coal  required  per  horse-power  hour  is  only  .2  lb.  The 
actual  coal  consumption  in  the  best  steam-engines  is  1  to  2.  lbs. 
per  horse-power  hour,  and  ordinary  engines  use  3  or  4  lbs.,  or 
even  more  ;  hence  the  real  consumption  of  coal  is  five  to  twenty 
times  the  theoretical  amount  which  would  be  required  if  all  the 
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heat  were  converted  into  mechanical  power.  The  simple  reason 
why  the  theoretical  efficiency  of  a  heat-engine  is  ordinarily  far 
below  100  per  cent,  even  without  taking  account  of  friction, 
etc.,  is  the  fact  that  a  great  deal  of  the  heat-energy  of  the  steam 
or  gas  passes  out  of  the  cylinder  in  the  exhaust,  and  is  not  con- 
verted into  mechanical  energy.  It  is  analogous  to  the  case  of  a 
water-wheel  which  only  utilizes  a  small  fraction  of  the  total  fall  or 
head  of  water.  This  fact  is  clearly  shown  by  the  formula  given 
above,  in  which  T^  represents  the  temperature  of  the  out-going 
steam  or  gas.  If  this  temperature  were  absolute  zero  (  —  273'*  C), 
then  the  efficiency  would  be  100  per  cent.  If,  on  the  other  hand, 
the  temperature  7^  is  considerably  above  absolute  zero,  then  the 
efficiency  is  correspondingly  reduced  below  100  per  cent.  As  a 
matter  of  fact,  the  temperature  of  the  exhaust  of  non-condensing 
engines  is  at  least  100**  C,  or  373"*  absolute ;  and  in  the  case  of 
condensing  engines,  T^  is  about  300°  to  325**  absolute.  Now,  it 
would  not  seem  to  be  possible  to  reduce  these  temperatures 
further,  for  the  simple  reason  that  a  non-condensing  engine  can- 
not have  a  temperature  in  the  exhaust  below  boiling-point ;  and  the 
temperature  of  water  for  condensation  cannot  be  below  freezing, 
and  is  usually  considerably  above  that  point.  The  inference 
would  therefore  be  that  the  only  practical  method  of  improving 
the  efficiency  of  a  heat-engine  is  to  raise  the  initial  temperature 
of  the  steam  or  gas.  In  point  of  fact,  this  is  the  way  that 
the  efficiency  of  heat-engines  has  been,  and  is  now  being,  in- 
creased. In  the  time  of  James  Watt,  very  low  steam-pressures 
were  employed,  usually  about  5  or  10  lbs.  per  square  inch ;  and 
before  that  time  even  lower  pressures,  of  2  or  3  lbs.,  were 
used.  These  low  initial  pressures,  and  therefore  temperatures, 
necessarily  meant  low  efficiency  and  large  consumption  of  coal 
per  horse-power  hour.  Since  that  time  steam-pressures  have 
been  steadily  and  greatly  increased,  until  we  now  have  150  or  even 
200  lbs.  pressure  in  common  use.  Indeed,  the  principal  improve- 
ment in  the  steam-engine  during  the  last  hundred  years  has  been 
the  increase  of  steam-pressure  and  the  necessary  strengthening 
and  modification  of  the  boilers,  engines  and  steam  piping  to  en- 
able them  to  withstand  these  high  pressures,  which  not  only 
greatly  augment  the  efficiency,  but  also  produce  much  more  power 
in  the  same  size  of  engine. 
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Obviously  great  difficulties  are  encountered  in  largely  increas- 
ing the  pressure.  In  the  case  of  the  steam-boiler  there  are  at 
least  two  serious  obstacles,  which  are  apparently  inherent  and 
almost  insurmountable.  The  first  of  these  is  the  fact  that  the 
thickness  of  the  boiler,  upon  which  its  strength  largely  depends, 
cannot  be  very  much  increased  without  reducing  the  passage  of 
heat  through  it,  and  without  adding  enormous  weight  and  cost 
to  the  boiler,  the  surface  required  being  large.  There  are  also 
practical  difficulties  in  the  construction  of  a  boiler  of  very  thick 
metal.  A  still  more  serious  difficulty  is  the  fact  that,  as  the 
pressure,  and  therefore  temperature,  of  the  steam  are  raised,  a 
point  is  finally  reached  at  which  the  strength  of  the  boiler  begins 
to  be  reduced  by  the  heat,  and  would  not  permit  further  increase 
of  pressure.  The  difficulty  of  lubrication  at  high  temperatures  is 
also  a  serious  obstacle. 

Gas-Kngines* — In  these  respects  the  gas-engine  may  claim  to 
possess  great  advantages  over  the  steam-engine  in  its  possible 
ultimate  efficiency,  for  the  reason  that  the  high  pressure  and 
temperature  are  produced  directly  in  the  cylinder,  which  can  be 
made  of  almost  unlimited  thickness,  since  it  is  comparatively 
small,  and  the  heat  does  not  have  to  be  transmitted  through  its 
walls.  In  this  way  we  entirely  eliminate  the  steam-boiler,  which 
is  the  chief  limitation  to  the  increase  of  steam-pressure.  It  can- 
not be  said  that  the  gas-engine  has  as  yet  realized  all  of  this  great 
advantage  over  the  steam-engine.  Nevertheless  there  are  gas- 
engines  working  to-day  that  show  theoretical  and  actual  efficien- 
cies considerably  higher  than  those  of  the  best  steam-engines. 
(See  table  on  p.  80.)  Professor  Unwin  stated  in  his  lecture 
before  the  Society  of  Arts,  January,  1893,  that  gas-engines  had 
already  given  a  thermal  efficiency  twice  that  of  large  steam- 
engines.  Professor  Ewing*  has  pointed  out  that  the  theoretical 
efficiency  of  the  gas-engine  would  be  87  per  cent  if  the  initial 
temperature  were  that  of  combustion,  and  the  final  temperature 
that  of  the  ordinary  atmosphere.  Previous  compression  of  the 
gas  would,  of  course,  be  necessary,  and  all  friction  and  other 
losses  would  have  to  be  eliminated.  Assuming,  however,  that 
these  losses  amount  to  one-half  of  the  theoretical  power  of  the 
engine,  an  actual  efficiency  of  43  J  per  cent  could  still  be  obtained, 
which  would  be  about  four  times  the  net  efficiency  of  the  best 
•  Article  on  "Steam  Engine,"  Ency,  Brit,,  1887. 
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Steam-engines  of  the  present  day.  The  present  gas-engines  still 
have  several  practical  difficulties,  and  will  have  to  be  consider- 
ably improved  before  very  high  efficiencies  can  be  secured  ;  but 
they  possess  the  possibility  of  efficiencies  much  greater  than  those 
of  the  steam-engine.  To  show  that  a  very  high  efficiency  is  not 
entirely  visionary,  we  can  refer  to  the  cannon,  which  is  really  a 
gas-engine,  since  it  converts  heat-energy  into  mechanical  energy. 
Professor  Thurston  states  that  a  cannon  actually  has  a  thermo- 
dynamic efficiency  of  about  50  per  cent* 

The  hot-air  engine  has  been  developed  by  Ericsson  and 
others,  but  is  too  far  inferior  to  the  steam-  or  gas-engine  in  effi- 
ciency and  output  to  be  used  where  more  than  a  fraction  of  a 
horse-power  is  needed. 

The  remarkable  increase  in  economy  which  has  been  secured 
during  the  last  few  years  by  the  use  of  compound,  triple-expan- 
sion, and  quadruple-expansion  steam-engines  for  both  marine  and 
land  work,  might  lead  one  to  imagine  that  this  improvement  can 
be  carried  on  almost  indefinitely.  As  a  matter  of  fact,  however, 
compound  engines  are  just  as  surely  limited  in  their  theoretical 
efficiency  as  the  simple  engine.  Their  efficiency  depends  upon 
the  initial  and  final  temperatures  of  the  steam  as  expressed  by 
the  formula  discussed  above,  just  as  truly  as  in  the  case  of  any 
other  heat-engine.  The  greater  economy  of  compound  engines 
is  largely  due  to  the  reduction  of  cylinder  condensation  by  avoid- 
ing large  ranges  of  temperature  in  any  one  cylinder.  This  simply 
means  that  the  simple  engine  would  have  larger  losses,  and  its 
actual  efficiency  would  be  much  less  than  the  theoretical ;  whereas, 
in  the  case  of  a  compound  engine  the  actual  efficiency  would 
approximate  more  closely  to  the  theoretical.  Compound  engines 
thus  enable  higher  pressures  to  be  used  without  having  the  great 
losses  due  to  cylinder  condensation  which  would  occur  in  simple 
engines.  It  has  been  shown  above,  however,  that  apparently 
there  are  practical  limits  to  the  increase  of  the  initial  tempera- 
ture ;  and  it  is  a  fact  that  even  if  the  boiler  could  be  kept  at  a  red 
heat,  the  theoretical  efficiency  of  the  steam-engine  would  only  be 
about  60  per  cent,  and  the  actual  efficiency  of  course  considerably 
lower. 

The  substitution  of  other  fluids  for  water  in  boilers  and  engines 

*  Science,  Oct.  31,  1891. 
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is  one  of  the  methods  employed  to  secure  higher  efficiency.  For 
example,  some  volatile  liquid,  like  carbon  bisulphide  or  sulphur 
dioxide,  is  used  instead  of,  or  supplementary  to,  water.  This 
introduces  difficulties,  however,  and  does  not  greatly  increase  the 
efficiency,  because  the  final  temperature  is  not  materially  lowered. 
The  efficiencies  of  various  steam-  and  gas-engines  are  com- 
pared in  the  following  table  given  by  Professor  R.  C.  Carpenter. 

BTBAM-ENQIVE  AND  OA8-SINOINX  XSnPIOimrGIBS. 

KindofEn^ne.  ^_.^_  ^^^ 

Simple,  no^-condensing  steam-engine 4    to5  6.8to   4.8 

Compound,  condensing,  slide-valve  steam-engine 8  7.1 

**  "  Corliss  "  2   to  3.5  10.6  to   8.5 

Triple  expansion,**  *«  1}  to  2  12.2  to  10.8 

Quadruple  •«        "  "  U  to  If  14.1  to  12-7 

10    H.  P.  gas-engine 15 

100     "        *•       '• 24 

800    **        "       "     28 

Direct  Conversion  of  Fuel  Energy. — The  heat-engine,  con- 
sidered from  all  these  points  of  view,  does  not  seem  to  afford  • 
much  encouragement  for  high  efficiency  in  the  conversion  of  fuel- 
energy  into  mechanical  energy,  except,  perhaps,  in  the  case  of 
the  gas-engine,  which,  however,  still  needs  radical  improvements. 
Moreover,  in  the  generation  of  electrical  energy  the  production 
of  mechanical  energy  is  merely  a  step,  and  the  dynamo  must  be 
used  to  convert  the  mechanical  into  electrical  energy;  and  although 
the  dynamo  is  one  of  the  most  efficient  and  most  perfect  machines 
in  existence,  nevertheless  our  present  method  of  producing  elec- 
tricity by  means  of  a  boiler,  steam-engine,  and  dynamo  is  very 
indirect  and  complicated.  The  dream  of  the  electrical  engineer 
and  scientist  has  therefore  been  to  convert  the  energy  of  fuel 
directly  into  electrical  energy,  but  as  yet  little  or  no  practical 
progress  has  been  made  in  this  direction. 

Thermo-electric  Batteries. — It  is  possible  to  burn  coal,  gas, 
or  other  fuel,  and  use  the  heat  produced,  in  a  thermo-electric 
battery  to  generate  electric  currents  directly.  In  simplicity  this 
process  is  all  that  could  be  desired,  since  there  is  only  one  simple 
apparatus,  without  any  moving  parts,  which  is  as  harmless  and 
easily  taken  care  of  as  an  ordinary  stove,  but  unfortunately  the 
efficiency  is  very  low;  in  fact,  it  is  limited  by  the  same  law  as 
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T  —  T 

the  heat-engine,  and  is  expressed  by  the  same  formula,  — ^=; — -y  in 

which  Ti  and  T^  are  the  temperatures  of  the  ends  of  the  elements. 
The  possible  differences  of  temperature  between  the  ends  would 
not  seem  to  be  so  limited  as  the  possible  temperature  of  a  steam- 
boiler.  There  are,  however,  many  practical  difficulties  in  main- 
taining one  end  of  the  elements  at  a  very  high  temperature  and 
the  other  end  at  a  low  temperature;  and  great  trouble  has  been 
found  in  making  perfect  joints  between  dissimilar  metals  which 
would  not  crack  after  repeated  heating  and  cooling. 

Many  persons  think  that  there  is  an  inherent  deterioration 
of  a  thermo-electric  battery  which  necessarily  occurs  after  any 
considerable  period  of  action.  The  author  has  made  numerous 
experiments  in  connection  with  these  batteries,  and  has  seen  some 
of  them  which  have  been  in  use  several  months  almost  continu- 
ously giving  a  fair  output  of  .06  volt  external  potential  difference, 
and  5  amperes  per  element  (1x1X4  inches),  without  any  appar- 
ent diminution  in  activity.  There  would  seem  to  be  no  reason 
why  there  should  be  any  such  inevitable  deterioration,  beyond 
the  fact  that  it  is  difficult  to  make  a  permanent  joint  between  dis- 
similar metals,  as  already  stated.  This  difficulty  can  be,  in  fact 
it  has  been,  overcome  by  proper  mechanical  design  and  con- 
struction. The  real  difficulty  is  the  low  efficiency  and  small 
output  of  thermo-electric  batteries.  Probably  the  best  results  so 
far  obtained  do  not  give  an  efficiency  over  one  or  two  per  cent; 
that  is,  not  more  than  one  or  two  per  cent  of  the  heat-energy 
is  converted  into  electrical  energy,  and  probably  the  best  output 
so  far  obtained  is  that  stated  above. 

The  Thermo-magnetic  or  P3rro-magnetic  Generator  has  been 
experimented  upon  by  Edison  *  and  others.  The  action  of  this 
form  of  electric  generator  depends  upon  the  fact  that  iron  or 
nickel  loses  almost  all  its  power  to  conduct  magnetism  when 
heated  to  a  certain  temperature.  If,  therefore,  a  core  of  iron 
surrounded  by  a  coil  be  connected  to  a  magnet  by  means  of  thin 
strips  of  iron  or  nickel,  a  current  is  generated  in  the  coil  of  wire 
when  the  strips  are  alternately  heated  and  cooled,  because  the 
lines  of  force  are  first  cut  off,  then  allowed  to  pass,  and  so  on. 

•  Electrical  World,  Aug.  27.  1887. 
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This  machine  has  the  same  disadvantages  as  the  thermo-electric 
battery,  being  low  in  efficiency,  and  requiring  a  large  apparatus, 
for  a  comparatively  small  output. 

It  should  be  observed  that  neither  thermo-electric  nor  thermo- 
magnetic  generators  are  true  cases  of  the  **  direct  conversion"  of 
fuel  energy  into  electricity.  In  both  of  them  the  energy  is  first 
converted  into  heat,  which  introduces  a  certain  indirectness,  and^ 
what  is  more  objectionable,  brings  the  apparatus  under  the  second 
law  of  thermo-dynamics,  and  thereby  tends  to  make  the  efficiency^ 
very  low,  which  is  characteristic  of  all  apparatus  for  convertings 
heat-energy  into  any  other  form  of  energy. 

Primary  Batteries. — Numerous  attempts  have  been  made 
to  accomplish  the  strictly  direct  conversion  of  fuel-energy  into- 
electricity,  but  none  of  them  can  be  said  to  be  at  all  practi- 
cable. Jablochkoff,  in  1877,  patented  a  voltaic  battery  in  which 
carbon  was  used  as  the  positive  plate,  the  exciting-fluid  being 
fused  potassium  nitrate.  This  battery  is  similar  in  principle  to- 
an  ordinary  Daniell  battery,  but  the  electric  current  is  actually 
produced  directly  from  the  chemical  energy  of  fuel,  and  the 
theoretical  efficiency  might  be  nearly  100  per  cent;  but,  unfor- 
tunately, the  active  fluid,  or  depolarizer,  in  this  battery  is  very 
expensive.  Attempts  have  therefore  been  made  by  other  inven- 
tors and  experimenters  to  use  some  fused  compound  which  could 
be  reoxidized  by  passing  air  through  it.  For  example,  fused 
sodium  manganate  will  act  in  that  way,  but  it  has  practical  diffi- 
culties. 

One  of  the  most  serious  of  these  troubles  is  the  fact  that  the 
E,M.F.  would  be  very  low,  only  about  one  volt,  and  the  internal 
resistance  could  not  be  made  low  enough  to  give  a  large  out- 
put of  current  with  this  low  E,M,F.  It  necessitates,  therefore,  a 
large  apparatus  to  generate  even  one  horse-power.  The  low  volt- 
age would  require  a  large  number  of  cells  to  be  used  for  most 
practical  purposes,  or  else  transformation  by  means  of  a  dyna- 
motor.  There  would  be  a  tendency  to  an  accumulation  of 
impurities  in  the  cell,  brought  there  by  the  fuel,  which  would 
necessitate  the  renewal  of  the  fused  compound,  and  involve  con- 
siderable expense.  Other  forms  of  voltaic  battery  might  be 
employed  for  direct  conversion,   such,   for  example,  as  a  gas- 


POSSIBLE  SOURCES  OF  ELECTRICAL  ENERG  V.  88 

battery  consisting  of  two  electrodes,  one  of  which  is  supplied 
with  hydrogen  or  carbonic  oxide  produced  by  gasifying  the 
fuel,  and  the  other  is  fed  with  the  oxygen  of  the  air.  Bat- 
teries of  this  sort  have  been  tried ;  but  it  is  difficult  to  supply 
the  gases  at  the  surfaces  of  the  plates  under  the  liquid,  where 
it  is  necessary  that  the  action  should  take  place. 

The  ordinary  primary  battery  is  almost  a  case  of  direct  con- 
version. Commercial  zinc  is  produced  by  the  chemical  action 
of  fuel  (carbon)  upon  oxide  of  zinc.  This  zinc  is  used  in  a 
cell  where  it  combines,  usually  with  sulphuric  acid  to  form  sul- 
phate of  zinc.  The  energy  of  the  combination  is  given  out  in 
the  form  of  electric  current.  The  author  has  elsewhere  dis- 
cussed primary  batteries  in  detail,  and  given  various  data  of 
EM.F.,  cost,  etc.,  of  different  combinations.*  These  figures 
are  not  encouraging,  even  theoretically;  and  it  is  of  course  a 
well-known  fact  that  this  source  of  current  is  not  at  all  satisfac- 
tory when  any  considerable  amount  of  current  is  required. 

The  principal  objections  to  primary  batteries  are  high  cost, 
large  space  occupied,  and  great  trouble  in  maintenance.  In  the 
paper  cited,  it  is  shown  that  in  the  cheapest  cell,  the  Bunsen, 
the  cost  of  the  theoretical  amount  of  material  required  would  be 
20  cents  per  horse-power  hour,  to  which  must  be  added  a  con- 
siderable amount  for  waste  material,  and  for  labor  in  taking 
care  of  the  battery,  making  a  total  cost  of  at  least  80  cents 
per  horse-power  hour.  This  is  about  30  times  as  great  as  the 
cost  of  electric  power  generated  by  means  of  the  engine  and 
dynamo,  and  makes  this  source  of  energy  entirely  out  of  the 
question  where  anything  more  than  a  small  fraction  of  a  horse- 
power is  needed.  The  zinc  alone  in  a  primary  battery  costs 
about  10  cents  per  horse-power  hour;  hence  it  would  not  help 
matters  much  if  some  depolarizer  were  discovered  which  would 
cost  nothing.  This  shows  the  absurdity  of  the  commonly  adver- 
tised claims  of  a  cheap  depolarizer,  with  which  a  primary  bat- 
tery can  supply  "a  large  number  of  electric  lights  at  a  merely 
nominal  cost." 

The  other  common  claim  of  a  battery  in  which  very  little 
zinc    is   consumed    is    equally   preposterous,   since    it    is    a  well- 

•  "Possibilities  and  Limitations  of  Chemical  Generators  of  Electricity,"  Trans, ^ 
Am.  Ins/.  Elec.  Eng.,  May,  1888.  The  Electrical  Engineer,  June,  1888. 
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known  fact  that  at  least  1.22  grams  of  zinc  must  be  consumed 
per  ampere  hour.  Hence  we  can  calculate  that  if  the  E,M,K 
were  two  volts,  it  would  require  almost  exactly  one  pound 
of  zinc  per  horse-power  hour.  This  voltage  is  about  as  high 
as  can  be  obtained  in  primary  batteries;  but  even  if  twice  this 
voltage  could  be  obtained,  which  is  practically  impossible,  it 
would  still  require  i  lb.  of  zinc  per  horse-power  hour.  The 
advantage  of  all  these  voltaic  or  chemical  generators  of  elec- 
tricity is  that  they  are  not  limited  by  the  second  law  of  thermo- 
dynamics. They  can  therefore  have  a  theoretical  efficiency  of 
nearly  100  per  cent,  and  sometimes  actually  have  a  practical 
efficiency  of  over  90  per  cent.  In  this  respect  they  are  much 
more  hopeful  than  the  apparatus  in  which  heat-energy  is  con- 
verted into  mechanical  or  electrical  energy,  but  practically  they 
are  far  inferior  at  present. 

The  conclusion  drawn  from  the  foregoing  study  of  the  pos- 
sibilities of  generating  electricity  very  directly  and  cheaply  is 
not  particularly  encouraging,  and  it  would  seem  that  there  is  no 
great  hope  of  a  radical  improvement  in  this  direction  in  the 
near  future.  Apparently  it  will  be  necessary  to  content  our- 
selves with  the  gradual  but  steady  improvement  of  the  means 
which  we  already  have.  It  is  possible,  however,  that  some 
entirely  new  principle  may  be  discovered  by  which  electricity 
can  be  produced ;  but  it  cannot  be  said  that  there  is  any  imme- 
diate prospect  or  indication  of  such  a  discovery,  although  there 
may  be  hundreds  of  investigators  working  directly  or  indirectly 
upon  this  fascinating  problem  in  well-equipped  laboratories,  both 
collegiate  and  commercial. 

On  the  other  hand  there  are  excellent  reasons  for  expecting  great 
improvements  in  the  lamp  or  light-giving  device  itself.  For  example, 
we  have  the  interesting  fact  that  the  glowworm  produces  light  with 
an  efficiency  far  higher  than  that  of  any  artificial  method.  Professor 
Langley  has  shown  that  an  ordinary  gas-burner  emits  400  times  as 
much  heat  as  a  glowworm  when  they  both  give  exactly  the  same  amount 
of  light.  In  other  words,  nearly  all  of  the  energy  given  out  by  a  gas- 
burner  is  invisible  heat,  which  contributes  nothing  to  the  lighting  effect ; 
whi-Tcas,  in  the  case  of  the  glowworm,  a  large  portion  of  the  energy 
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emitted  is  in  the  luminous  part  of  the  spectrum.  The  incandes- 
cent lamp  is  ten  times  better  in  this  respect  than  the  gas-burner, 
but  still  only  one-fortieth  as  efficient  as  the  glowworm.  Hence 
there  is  an  enormous  margin  for  bettering  the  economy  of  arti- 
ficial methods  of  illumination. 

The  early  commercial  incandescent  lamps  made  by  Edison 
consumed  more  than  5  watts  per  candle  power,  whereas  the 
present  standard  lamps  require  only  3.1  watts  per  candle.  On 
the  other  hand  the  average  efficiency  of  arc-lamps  has  actually 
diminished  during  the  same  period,  because  the  open,  direct- 
current  arc  is  more  efficient  than  the  inclosed  and  alternating- 
current  types  by  which  it  has  to  a  large  extent  been  replaced. 
The  explanation  of  this  anomalous  change  is  to  be  found  in  the 
fact  that  the  inclosed  form  saves  trouble  in  renewal  of  carbons 
and  the  alternating-current  lamps  permit  the  operation  of  a  large 
number  from  one  generator,  as  stated  on  page  61. 

There  are,  however,  new  kinds  of  lamp  that  show  higher  effi- 
ciency than  the  ordinary  incandescent  or  even  arc  types.  The 
Nernst  lamp  is  about  twice,  and  the  Hewitt  lamp  about  ten  times 
as  efficient  as  the  carbon-filament  incandescent  form.  These  gains 
of  100  and  900  per  cent  respectively  are  far  greater  than  the  small 
and  slow  advances  made  in  the  economy  of  steam-engines  and 
surpass  even  the  possibilities  of  improvement  in  gas-engines,  the 
promising  features  of  which  were  given  on  page  78. 
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CHAPTER  VIII. 

THB  STXSAM-ENOINSp  BISTORT  AND  OBNSRAL  PRINCIPLB8. 

Introduction.  —  A  general  study  and  comparison  of  the  various 
methods  of  generating  electricity  have  already  been  given  in 
the  last  chapter,  including  the  principles  of  the  conversion  of 
heat  into  mechanical  energy  by  means  of  steam  and  other  heat 
engines.  In  taking  up  the  special  consideration  of  the  steam- 
engine,  it  will  be  interesting  and  profitable  to  review  briefly  the 
history  of  the  machine  which  has  been  such  an  important  factor 
in  modern  civilization,  because  of  its  general  applications,  and 
because  it  is  one  of  the  principal  sources  of  power  employed  to 
generate  electricity. 

Historical  Notes.  —  The  starting-point  in  the  history  of  the 
steam-engine  is  always  stated  to  be  the  simple  rotary  engine 
devised  by  Hero  of  Alexandria  about  two  thousand  years  ago. 
This  engine,  a  steam-fountain,  and  his  many  other  steam-appa* 
ratus,  were  only  toys,  however,  and  were  never  applied  to  any 
useful  purpose.  The  next  great  step  was  made  by  the  Marquis 
of  Worcester,  who  built  a  steam-engine  which  was  an  actual 
working  machine  of  considerable  size  and  power.  The  exact  date 
when  this  machine  was  made  is  not  known,  but  it  was  probably 
about  1628.*  He  published  a  very  obscure  description  of  it  in 
the  Century  of  Inventions  in  1663.  The  facts  in  regard  to  this 
remarkable  machine  are  shrouded  in  considerable  doubt  and  mys- 
tery, probably  because  of  the  actual  danger  of  persecution  to 
which  any  one  exposed  himself  in  those  early  days  by  bringing 
out  any  invention,  particularly  such  a  radical  one  as  the  steam- 
engine.  It  appears  that  the  engine  contained  the  important 
improvement  of  a  separate  boiler,  and,  in  fact,  possessed  many 
features  that  showed  the  remarkable  genius  of  its  inventor. 

Thomas  Savery,  in  1698,  obtained  a  patent  for  a  water-raising 
apparatus,  which  was  the  first  real  attempt  to  use  a  steam-engine 
commercially.     This  engine  acted  merely  by  the  pressure  of  steam 

•  Thurston,  Growth  of  the  Steam  Engine, 
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upon  the  surface  of  the  water  in  two  chambers  acting  alternately, 
and  did  not  contain  any  piston  or  cylinder.  Denis  Papin  had 
previous  to  this  time  (1690)  described  a  cylinder  and  piston 
engine,  and  had  even  suggested  the  utilization  of  the  condensing- 
power  of  steam ;  but  the  form  described  had  the  radical  defect 
of  using  one  and  the  same  vessel  for  boiler,  cylinder,  and  con- 
denser. He  afterwards  (1705)  went  back  to  some  of  Savery's 
ideas.  Newcomen,  in  1705,  was  the  first  to  use  a  cylinder  and 
piston  and  a  separate  boiler ;  but  the  engine  still  had  the  defect 
of  having  the  condensation  of  the  steam  performed  in  the  cylinder. 
It  was  far  more  practicable,  however,  than  anything  which  had 
preceded  it^  and  began  to  be  used  regularly  for  pumping  water  out 
of  mines  as  early  as  1711.  These  Newcomen  engines  required 
the  steam  to  be  let  into  and  out  of  the  cylinder  through  valves 
which  had  to  be  worked  by  hand.  In  1713  Humphrey  Potter,  an 
ingenious  boy  employed  to  operate  the  valves  of  one  of  these  en- 
gines, connected  the  valves  to  a  moving  part  of  the  engine  by  cords 
in  such  a  way  as  to  cause  them  to  work  automatically,  in  order  to 
save  himself  the  trouble  of  attending  to  them.  This  very  impor- 
tant invention  was  improved  by  Henry  Beighton  in  1718. 

These  improved  Newcomen  engines  were  used  regularly  for 
pumping  mines  until  Watt  made  a  series  of  brilliant  inventions, 
which  were  so  important  and  radical  that  he  is  ordinarily  said 
to  be  the  inventor  of  the  steam-engine.  The  most  valuable 
improvement  due  to  Watt  is  the  use  of  a  condenser  separate 
from  the  cylinder  of  the  engine,  which  is,  indeed,  absolutely  es- 
sential in  order  to  avoid  the  enormous  waste  which  would  result 
from  condensing  the  steam  in  the  cylinder  itself.  This  invention 
was  made  in  1765,  and  patented  in  1769.  Watt,  in  1782,  also 
patented  the  double-action  principle,  or  use  of  steam  on  both  sides 
of  the  piston;  also  the  use  of  steam  expansively^  —  that  is,  the 
introduction  of  a  certain  amount  of  steam  into  the  cylinder,  which 
does  work  upon  the  piston  by  expanding  after  the  connection 
with  the  boiler  has  been  shut  off.  Both  of  these  inventions  were 
made  several  years  before  they  were  patented.  Besides  these 
fundamental  principles  contributed  by  Watt,  he  also  greatly  per- 
fected the  general  design  and  details  of  the  mechanical  construc- 
tion. In  fact,  his  work  was  so  complete  that  the  simple  condensing 
engine  of  to-day  is  practically  identical  with  the  engine  of  Watt 


88  ELECTRIC  LIGHTING, 

The  greatest  improvements  in  the  steam-engine  since  the  inven- 
tions of  Watt  are  the  compound  or  multiple-expansion  engine 
patented  by  Hornblowerin  1781,  and  revived  by  Woolf  in  1804, 
also  conceived  by  Watt ;  the  automatic  cut-off  governor  brought 
out  by  Corliss  in  1849  ;  and  the  recent  development  of  various 
forms  of  steam-turbine. 

The  history  of  the  theory  of  the  steam-engine,  and  the  science 
of  thermo-dynamics  upon  which  it  is  based,  may  be  considered 
to  have  started  when  Carnot,  in  1824,  first  showed  how  to  treat 
the  cyclic  action  of  any  heat-engine  by  considering  each  cycle 
separately.  The  use  of  this  method  in  the  study  of  heat,  as 
well  as  in  electricity,  magnetism,  and  other  sciences,  is  of  the 
greatest  value,  and  seems  to  be  the  best  possible  way  to  secure 
definiteness  and  completeness  in  scientific  analysis.  The  deter- 
mination of  the  mechanical  equivalent  of  heat  by  Joule  in  1 843 
(which  is  the  most  essential  element  in  the  establishment  of 
the  principle  of  conservation  of  energy)  gave  the  real  founda- 
tion to  the  science  of  heat,  and,  in  fact,  of  all  modern  science. 
From  1849  onward,  the  science  of  thermo-dynamics  was  rapidly 
developed  by  Clausius,  Rankine,  and  Sir  William  Thomson  (Lord 
Kelvin).  The  publication  of  Rankine*s  classical  work  on  the 
steam-engine,  in  1859,  gave  the  almost  complete  application  of 
pure  thermo-dynamics  to  the  practical  case  of  the  steam-engine, 
and  established  that  intimate  relation  between  theory  and  prac- 
tice so  essential  to  the  proper  and  rapid  advancement  of  both. 

The  recent  history  of  the  steam-engine  is  made  up  of  the 
development  of  the  compound  and  triple-expansion  types,  im- 
provements in  the  mechanism  for  governing  speed,  the  perfec- 
tion of  the  design  and  construction  of  the  various  parts,  and 
the  devising  of  suitable  forms  of  engine  for  special  work.  The 
introduction  of  the  steam-turbine  is  the  latest  important  feature 
in  steam-engineering.  All  of  these  modern  improvements  are 
of  particular  importance  in  connection  with  electric  lighting;  in 
fact,  they  are  largely  the  result  of  progress  in  electric  light  and 
power. 

THB  PBIHCIFIiBB  OF  THB   BTIDAM-BKQINB. 

A  complete  study  of  the  steam-engine  requires  a  thorough 
knowledge  of  the  science  of  heat,  and  its  relation  to  mechanics, 
— ^thermo-dynamics, — and  would  occupy  far  more  space  than  can 
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be  devoted  to  it  in  this  treatise;  but  certain  fundamental  prin- 
ciples are  sufficient  to  enable  one  to  understand  the  steam-engine 
well  enough  for  those  who  are  not  specialists  in  the  subject. 

The  two  laws  upon  which  the  entire  science  of  heat  is  based, 
called  the  first  and  second  laws  of  thermo-dynamics,  are :  — 

1.  The  law  of  the  equivalence  of  heat  and  mechanical  energy^ 
which  may  be  stated  as  follows :  A  given  quantity  of  mechanical 
energy  is  always  equivalent  to,  and  can  be  converted  into,  a  certain 
definite  quantity  of  heat ;  or,  to  take  a  concrete  case,  1  heat-unit, 
that  is,  the  heat  required  to  raise  1  gram  of  water  1"*  C,  is 
exactly  equal  to  the  mechanical  work  required  to  raise  ^1  g^am 
428  meters  high ;  or,  in  the  English  system,  1  lb.  of  water 
heated  1°  F.,  is  equivalent  to  772  foot-lbs.  according  to  Joule, 
or  780  according  to  the  latest  results  (page  21). 

2.  The  second  law  of  thermo-dynamics  is  differently  stated 
by  different  authorities,  and  none  of  them  are  very  easily  under- 
stood, the  statement  of  Rankine  in  particular  being  quite  abstruse. 
The  corollary  of  this  law,  which  has  practically  the  same  sig- 
nificance, and  is  in  much  better  form  to  be  understood  and  used 
in  connection  with  heat-engines,  is  that  given  on  page  76,  and 

T  —  T 
expressed  by  the  formula :  Efficiency  =  — ^- — 2 .     The  meaning  of 

this  expression  is  that  the  highest  possible  efficiency  of  any  heat- 
engine  is  equal  to  the  difference  in  temperatures  between  which  it 
works  divided  by  the  initial  absolute  temperature. 

In  any  heat-engine  there  is  the  working  substance,  the  changes 
in  temperature  of  which  give  the  action  of  the  engine.  In  prac- 
tice this  substance  is  either  water-vapor  (steam),  gas,  or  air,  and 
is  called  the  fluid.  There  are  two  important  laws  giving  the  rela- 
tions between  the  temperature,  pressure,  and  volume  of  a  gas  :  — 

1.  The  law  of  Boyle  or  Mariotte,  which  states  that  the 
volume  of  a  gas  is  inversely  proportional  to  the  pressure,  the 
temperature  being  kept  constant ;  that  is,  /  z;  =  C,  in  which  / 
and  V  are  the  pressure  and  volume  respectively,  and  C  is  a  con- 
stant depending  upon  the  density  and  other  properties  of  the  gas. 

2.  The  law  of  Charles  or  Gay  Lussac,  which  states  that  a 
gas  increases  ^f  j  of  its  volume  at  0"*  C.  for  each  degree  of  rise 


m 


temperature;  that  is,  v^^v^  ( "^  +  qtT)'  ^"  which  v^  is  the 
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volume  at  any  given  temperature,  /  in  centigrade  degrees,  and  v^ 
is  the  volume  at  zero.  The  combined  expression  for  these  two 
laws  is ./  z;  =  ^  (/  +  273).  Now,  since  /  +  273  is  the  absolute 
temperature,  T^  we  have  pv  ^  RT. 

The  above  laws  apply,  however,  only  to  a  perfect  gas,  such 
as  air,  or  any  other  permanent  gas ;  hence  they  can  be  used  in 
discussing  gas  and  hot-air  engines,  but  they  have  to  be  con- 
siderably modified  in  order  to  apply  them  to  the  case  of  steam 
or  other  vapor,  the  action  of  which  is  quite  different  from  that 
of  a  perfect  gas.  The  properties  of  steam,  and  the  relations 
between  its  pressure,  volume,  and  temperature,  are  usually  given 
in  the  form  of  a  table  similar  to  the  one  printed  below.  The 
figures  are  for  steam,  which  is  neither  superheated  nor  supersat- 
urated (i.e.,  "  wet ").  The  data  for  either  of  these  latter  kinds 
of  steam  are  somewhat  different,  depending  upon  the  degree  of 
superheating  or  supersaturation. 

Table  of  the  Properties  of  Satorated  Steam. 


Absolute  Pressure.    Lbs. 

Temperature, 

ToUl  Heat  of 

Density.  (Weight 

Volume  of  1  Lb. 

per  Sq.  In.  above  Vacuum. 

Fahrenheit. 

Evap.  from  32*. 

of  Cu.  Ft.  in  Lbs.) 

in  Cu.  Ft. 

1 

102 

1113.1 

.00303 

330.4 

\ 

5 

162.4 

1131.6 

.01378 

72.66 

1 

10 

193.3 

1140.9 

.02644 

37.88 

14.7 

212 

1146.6 

.03799 

26.37 

20 

228 

1161.6 

.0607 

19.78 

ao 

250.3 

1158.3 

.0742 

13.48 

40 

267.2 

1163.4 

.00723 

10.28 

60 

280.9 

1167.6 

.11993 

8.34 

eo 

292.6 

1171.2 

.14236 

7.024 

70 

302.8 

1174.3 

.16468 

6.076 

80 

311.9 

1177.1 

.18663 

5.368 

90 

320.1 

1179.6 

.20853 

4.796 

100 

327.6 

1181.9 

.2303 

4.342 

110 

334.6 

1184 

.2619 

8.97 

lao 

341.1 

1186 

.2736 

3.66 

, 

130 

347.1 

1187.8 

.296 

3.39 

'  140 

362.8 

1189.6 

.3163 

3.16 

160 

368.2 

1191.2 

.338 

2.96 

176 

370.6 

1196 

.390 

2JS6 

200 

381.6 

1198.3 

.443 

2.26 

260 

400.9 

1204.2 

JM8 

1.83 

300 

417.4 

1209.2 

.662 

1.54 

400 

446 

1217.7 

.857 

1.17 

600 

467.4 

1224.5 

1.062 

iM 

This  is  taken  from  Thurston's  Manual  of  the  Steam  Engine^ 
Part  I.,  page  820,  which  contains  complete  tables  of  the  data  of 
steam.     The  pressure  above  that  of   the  atmosphere,  as  shown 
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by  an  ordinary  gauge,  is  14.7  lbs.  less  than  the  figure  in  the  first 
column. 

The  action  in  a  steam-,  gas-  or  other  heat-engine  can  be  de- 
termined analytically  by  applying  the  principles  stated  above.  It 
is  necessary,  however,  to  take  account  of  various  practical  con- 
ditions. For  example:  the  steam  or  gas  loses  heat  to  the  walls 
of  the  cylinder;  the  valves  cause  a  certain  loss  of  pressure,  or 
introduce  back-pressure,  and  the  action  of  steam  depends  much 
upon  whether  it  is  **wet,*'  saturated  or  superheated.  The  result 
is  that  such  problems  are  difficult  to  solve  and  require  a  thor- 
ough knowledge  of  the  science  of  thermo-dynamics  and  the  tech- 
nology of  engines.  The  student  is  therefore  referred  to  the 
special  works  on  these  subjects  given  in  the  bibliographies  of  the 
steam-engine  and  gas-engine  on  pages  194  and  209  respectively. 

The  practical  method  is  to  determine  directly,  by  means  of 
an  indicator,  the  curve  (Fig.  26)  representing  the  actual  varia- 
tions of  the  pressure  in  the  cylinder  throughout  a  complete 
cycle  (forward  and  back  stroke).  The  area  of  this  indicator 
diagram  found  by  a  planimeter,  gives  the  work  done  by  the 
steam  or  gas  on  the  piston  during  that  cycle,  whatever  the  law 
of  expansion. 
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CHAPTER   IX. 

STBAM-BOILBRS  FOR  BLBCTRIC  LIOHTINO. 

A  STEAM-BOILER  is  a  vcsscl  in  which  water  is  evaporated  by 
heat  produced  by  the  combustion  of  fuel,  the  resulting  steam 
being  used  in  a  steam-engine  for  the  generation  of  mechanical 
power.  Boilers  are  made  of  wrought-iron  or  mild  steel,  and  with 
careful  limitations,  cast  iron  is  used  for  certain  parts.  The  form 
and  construction  of  boilers  depend  upon  the  purpose  for  which 
they  are  to  be  used,  the  character  of  fuel  employed,  and  other 
circumstances.  The  kinds  of  fuel  available  for  steam-boilers, 
and  the  data  concerning  each,  are  given  in  the  following  table  :  — 


AIR 

TBMPBRATURB  OP 

HBATING-POWBR   PBR   POUND. 

PUBL. 

SPECIFIC 
GRAVITY. 

Average. 

KBQUIRBD 

per  Lb.  of  Fuel. 

Twice  the 

Theoretical. 

COMBUSTION 

with  Twice  the 

Theoretical  Sup. 

ply  of  Air. 

In  Heat- 
Units 
Lb- 
Cent. 

Theoretical 
Amount  of 
Water  evap. 
at  100- C. 

Practical 
Amount  of 
Water  evap. 

in  boiler. 

Petroleum  — 

Crude     .    . 

.88 

81     lbs. 

1600*  C. 

11600 

21.3 

14  to  16  lbs. 

Coal-       , 

Anthracite  . 

1.46 

24 

1400 

7600 

14 

8  to  10  lbs. 

Bituminous. 

1.3 

25 

1426 

8000 

14.8 

8  to  10  lbs. 

Coke     .    .    . 

.75 

24 

1400 

7500 

14 

8  to  10  lbs. 

Wood(Hard)— 

. 

KUn  dried  . 

J>to.9 

12 

1200 

3800 

7 

4  to   6  lbs. 

Air  dried     . 

.6tol 

9.8 

1100 

2900 

6.4 

3  to   4  lbs. 

In  calculating  the  weight  or  volume  of  air  required  for  com- 
bustion, the  following  data  are  useful :  — 

One  pound  of  air  at  ordinary  barometric  pressure,  and  at 
15°  C.  (59°  F.),  is  almost  exactly  13  cubic  feet,  and  contains 
.23  lb.  of  oxygen.     The  volume,  f^,  at  any  other  temperature,  by 

Gay  Lussac's  law  (page  89).  is,  r,  =  |gi±xl3=  ^(273+/), 

in  which  /  is  the  temperature  centigrade.     The  volume,    F^,  at 

14  7 
any  given  pressure  is,  V^  =  —^  Vf,  in  which  P  is  the  pressure  in 

pounds  per  square  inch  above  vacuum,  and  V]  is  the  volume  at 
the  given  temperature,  as  found  by  the  preceding  formula. 
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The  heat  of  combustion  of  a  fuel  may  be  calculated  approxi- 
mately by  the  formula :  *  — 

Heat  in  centigrade  units  =    8140  C+34500//^-3000(C>+^)- 

Heat  in  Fahrenheit  units  =14650  C+62100//^-5400((9+iV). 

In  these  equations  the  letters  C,  //,  Oy  and  N  represent  the 
weights  of  carbon,  hydrogen,  oxygen,  and  nitrogen  (exclusive  of 
ash  and  moisture)  in  the  fuel. 

The  air  required  for  combustion  may  be  calculated  approxi- 
mately by  the  formula,  weight  of  air  =  11.5  C+84  (//'— i  (?),  in 
which  Cy  Hy  and  O  are  the  weights  of  carbon,  hydrogen,  and  oxy- 
gen respectively.  This  weight  of  air  is  the  theoretical  amount, 
however,  and  should  be  increased  from  fifty  to  one  hundred  per 
cent  to  obtain  complete  combustion. 

The  use  of  a  poor  quality  of  coal  on  account  of  cheapness  is 
usually  bad  economy,  as  the  percentage  of  ash  is  much  larger,  so 
that  the  cost  of  the  combustible  part  of  the  fuel  may  be  as  great 
in  cheap  as  in  more  expensive  coal.  Another  disadvantage  of 
cheap  coal  is  the  fact  that  a  given  boiler  will  not  produce  so 
much  steam  with  it,  consequently  it  takes  a  larger  boiler,  or  a 
greater  number,  to  produce  the  same  amount  of  steam,  which 
would  add  to  the  first  cost  as  well  as  to  the  interest  and  depre- 
ciation on  the  plant.  The  trouble  and  expense  of  §ring  the 
boilers,  handling  ashes,  etc.,  are  also  greater  with  poor  coal. 

Bituminous  coal  is  more  generally  employed  for  steam  genera- 
tion throughout  the  world  than  anthracite ;  but  in  certain  localities 
the  latter  is  used  exclusively,  as,  for  example,  in  New  York  City, 
where  the  burning  of  the  former  is  practically  prohibited  by  the 
Board  of  Health.  The  engineer  should  always  study  carefully  the 
local  conditions  of  coal  supply. 

Wood  as  a  fuel  for  boilers  is  quite  common  in  localities  where 
it  is  very  cheap,  being  sometimes  much  cheaper  than  coal;  as, 
for  example,  in  Maine,  Oregon,  Washington,  and  other  States 
where  large  forests  still  exist.  The  various  kinds  of  wood,  when 
dry,  have  practically  the  same  evaporative  value  per  pound.  This 
is  usually  estimated  at  .4  the  value  of  the  same  weight  of  coal. 
Wood  is  a  fairly  good  fuel  for  boilers,  where  it  is  available 
and  sufficiently  cheap.  Sawdust  can  be  utilized  as  fuel  for 
boilers,  but  a  special  furnace  and  automatic  feeding-devices  are 

•  "Notes  on  Steam  Boilers,"  by  Peabody  &  Miller,  Boston,  18W. 
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required  Even  spent  tan-bark  is  sometimes  employed,  usually 
mixed  with  coal.  Bagasse,  the  refuse  of  sugar-cane,  is  largely 
used  as  fuel  in  Cuba. 

Petroleum^  which  is  practically  the  only  natural  liquid  fuel,  has 
been  largely  used  for  boilers,  and  in  many  respects  it  has  great 
advantages.  The  dust,  dirt,  smoke,  ashes,  and  labor  incidental  to 
the  use  of  coal  are  almost  entirely  avoided  by  employing  petro- 
leum. Some  special  form  of  burner  is  required,  in  which  the 
oil  is  reduced  to  a  fine  spray  by  means  of  a  steam  or  air  jet. 
Great  claims  have  been  made  concerning  the  economy  of  petro- 
leum as  fuel,  but  it  is  a  question  whether  the  actual  results 
entirely  justify  the  claims.*  The  chief  practical  difficulty  in 
the  use  of  petroleum  is  the  fact  that  the  heat  is  not  widely  or 
uniformly  distributed,  being  very  intense  at  certain  points  where 
it  is  liable  to  injure  the  boiler.  The  heat-units  produced  by 
petroleum  when  completely  burned  are  about  50  per  cent  greater 
than  from  the  same  weight  of  coal ;  but,  owing  to  the  fact  that  it 
can  be  burned  more  perfectly,  it  has  been  found  by  experiments 
in  this  country,  and  also  in  Russia,  that  1  lb.  of  petroleum  is  equal 
to  1.8  to  2  lbs.  of  coal.  A  gallon  (U.  S.)  of  petroleum  weighs 
about  6.5  lbs.,  and  is  therefore  equivalent  under  a  boiler  to  about 
11  to  13  lbs.  of  coal ;  and  about  180  gallons  are  equal  to  a  gross 
ton  (2,240  lbs.)  of  coal,  or  about  160  gallons  to  one  ton  of  2,000 
lbs.  At  the  oil-wells,  petroleum  is  worth  about  2  to  3  cents  per 
gallon,  or  .84  to  $1.26  per  barrel  of  42  gallons,  which  is  equiva- 
lent to  $3.60  to  $5.40  per  ton  for  coal.  The  lowest  price  at  which 
oil  can  be  delivered  in  the  vicinity  of  New  York  is  about  3  to  4 
cents  per  gallon,  making  it  cost  the  same  as  coal  at  $5.40  to  $7.20 
per  ton,  which  is  more  than  the  ordinary  price  of  coal  in  the  City 
of  New  York.  Hence  it  would  not  seem  to  be  cheaper  than  coal, 
even  allowing  for  its  more  perfect  combustion.  The  steam  used 
to  convert  the  oil  into  spray,  or  "dust,"  consumes  considerable 
power,  which  is  often  forgotten  in  determining  the  cost  of  petro- 
leum as  fuel.  Petroleum  was  employed  exclusively,  on  account 
of  its  convenience  and  cleanliness,  as  fuel  in  the  enormous  plant 
of  boilers  at  the  Chicago  Exposition  of  1893.t     The  boilers  there 

•  "Committee  Report  to  American  Street  Railway  Association,  October,  1893,"  by 
E.  G.  Connette,  chairman.  Electrical  Engineer  (N.V.),  Oct.  26,  1893,  p.  365. 
t  Scientific  American,  July  8,  1893. 
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heated  by  oil  aggregated  20,600  horse-power,  and  it  is  stated  that 
I  lb.  of  oil  evaporated  15  lbs.  of  water  in  that  case. 

Natural  gas  as  a  fuel  possesses  the  advantages  of  cleanliness 
and  convenience  to  an  even  greater  extent  than  oil.  In  fact,  it  is 
almost  ideal  in  these  respects,  and  has  been  used  extensively  in 
districts  where  it  is  available.  The  disadvantages  are  uncertainty 
as  to  the  continuance  of  the  supply,  intense  localization  of  heat, 
similar  to  that  produced  by  oil,  and  danger  of  explosion.  In 
some  cases  the  supply  of  gas  has  actually  ceased ;  and  it  is  a  fact 
that  quite  a  number  of  explosions  have  occurred,  with  serious 
results,  due  to  the  use  of  natural  gas.  The  heating-power  of  nat- 
ural gas  is  usually  about  2  to  2.5  times  that  of  the  same  weight  of 
coal,  or  about  30,000  cubic  feet  are  equivalent  to  a  ton  of  coal. 

Solid  or  liquid  fuel  can  be  converted  into  gas  by  means  of  a 
gas-producer  (p.  200).  In  some  forms  of  producer  the  carbon  of 
the  coal  is  converted  into  carbon  monoxide  by  partial  combus- 
tion (2C  +  O3  -f  4Nj  =  2CO  +  4N2);  the  resulting  gas  is  con- 
veyed to  the  boiler,  where  it  is  completely  burned  to  carbon 
dioxide  (2CO  +  4N3  +  O,  +  4N,  =  2CO2  +  SN,).  This  method 
has  the  disadvantage  of  losing  a  considerable  fraction  of  the  heat 
in  the  first  operation,  and  the  resulting  gas  is  much  diluted 
with  nitrogen.  Another  process  of  gasifying  fuel  is  to  convert 
it  into  water-gas,  by  treating  it  at  a  high  temperature  with  steam, 
which  is  decomposed,  hydrogen  and  carbon  monoxide  being 
formed,  both  of  which  are  highly  combustible  (CH-H20=C0-f  Hj). 
Petroleum  may  be  gasified  by  passing  it  through  very  hot  pipes, 
thus  "cracking"  it  up  into  gaseous  compounds,  or  by  treating  it 
with  steam  at  a  high  temperature,  thereby  forming  water-gas. 
But,  as  stated  above,  it  is  commonly  used  in  the  form  of  a  spray, 
or  '*  dust,"  obtained  by  the  action  of  a  steam-  or  air-jet. 

Natural  gas  or  the  gas  produced  from  solid  or  liquid  fuel  can 
te  used  in  burners  under  boilers  to  produce  steam.  The  advan- 
tages are  the  cleanliness  and  convenience  resulting  from  the  elim- 
ination of  coal,  ashes  and  smoke.  The  starting  up  of  the  fire  and 
the  regulation  of  the  heat  are  also  greatly  facilitated,  but  there 
are  the  disadvantages  already  stated.  This  matter  is  considered 
further  in  connection  with  gas-engines. 

Artificial  fuel  is  sometimes  used,  consisting  of  various  mix- 
tures of  coal-dust,  or  slack  and  other  materials,  with  tar,  pitch,  or 
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equivalent  material,  to  hold  the  particles  together.  It  is  usually- 
pressed  and  baked  in  the  form  of  blocks.  These  are  commonly 
called  "  patent  fuels."  Their  heating-power  is  about  equal  to  that 
of  the  same  weight  of  coal,  but  they  are  apt  to  have  more  ash.  It 
is  sometimes  kept  as  a  reserve  supply  in  stations,  where  the  square 
form  enables  it  to  be  conveniently  and  compactly  piled  away  in 
any  available  space. 

Construction  of  Boilers.  —  The  materials  chiefly  used  in  the 
construction  of  boilers  are  wrought  iron  or  mild  steel.  The 
tensile  strength  of  the  former  ranges  from  40,000  to  60,000  lbs. 
per  square  inch.  Professor  Unwin  *  gives  the  average  tenacity  of 
iron  plates  as  46,000  lbs.  per  square  inch,  and  steel  plates  62,000 


Ftq,  11.    Doubie-rttwted  Lap-Joint 


Fig,  12.    8lngl»^iveted  Butt-Joint 


lbs.  Cast  iron  is  also  used  for  certain  parts  of  some  types  of 
boilers,  but  it  is  liable  to  crack,  and  its  tensile  strength  is  not 
nearly  as  much  as  that  of  wrought  iron,  being  only  about  15,000 
to  25,000  lbs.  per  square  inch ;  and  even  these  figures  cannot  be 
relied  upon,  the  modem  practice  being  to  eliminate  cast  iron 
entirely  in  parts  of  the  boiler  proper. 

Boiler-shells  are  built  up  of  sheets  of  wrought  iron  or  wrought 
steel  riveted  together.  Rivet-joints  may  either  be  lap-joints,  as 
shown  in  Fig.  11,  or  butt-joints.  Fig.  12,  either  of  which  may  be 
single  riveted  or  double  riveted ;  and  in  high-pressure  boilers  the 
butt-joint  has  straps  on  both   sides.      The    strength  of   riveted 

•  Elements  of  Machine  Design^  1891,  p.  112. 
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joints    determines    more    than    any    other   factor   the   safety    of 
boilers,  and  they  depend  upon  the  following  facts:  — 

1.  The  strength  of  the  plate  to  resist  being  torn  along  the 
center  line  of  a  row  of  rivet-holes. 

2.  The  resistance  of  the  rivets  against  shearing. 

3.  The  strength  of  the  rivet  or  of  the  plate  around  the  rivet 
to  withstand  crushing. 

4.  The  resistance  of  the  plate  against  being  torn  between  the 
rivet -holes  and  the  edge  of  the  plate. 

5.  Friction  between  the  plates,  due  to  the  force  with  which 
they  are  held  together  by  the  rivet.  This  last,  however,  should 
not  be  relied  upon. 

Before  taking  up  the  detailed  study  of  the  various  forms  of 
boiler,  it  will  be  well  to  consider  the  requirements  of  a  perfect 
steam-boiler,  which  are  many  and  difficult  to  obtain.  These  are 
as  follows :  The  best  material  obtainable,  and  the  highest  grade 
of  mechanical  design  and  workmanship;  freedom  from  danger  of 
explosion ;  economy  in  the  use  of  fuel,  and  cost  of  maintenance  ; 
considerable  storage  capacity  for  steam  and  water  ;  constant  and 
free  circulation  of  water ;  a  large  surface  for  the  disengagement 
of  steam  in  order  to  avoid  "priming,"  i.e.,  foaming;  all  parts 
readily  accessible  for  cleaning  and  repairs ;  complete  combustion 
of  the  fuel  should  take  place  before  the  gases  escape  to  the 
chimney;  joints  and  other  weak  parts  should  be  removed  as 
much  as  possible  from  the  direct  action  of  the  fire;  heating- 
surfaces  should  be  of  sufficient  extent,  and  formed  or  arranged 
so  as  to  extract  as  much  of  the  heat  as  possible  from  the  gases ; 
the  repairs  required  should  be  a  minimum,  since  these  cause  great 
trouble  and  expense. 

In  addition  to  the  above  general  requirements  of  steam* 
boilers,  there  are  certain  special  requirements  for  each  particular 
use  to  which  they  may  be  applied.  In  electric  lighting,  the 
-special  quality  which  a  boiler  should  possess  is  ability  to  maintain 
a  constant  pressure;  and  it  is  particularly  important  that  the 
pressure  should  not  fall  at  full  load.  This  quality  is  obviously 
-desirable  in  almost  any  case;  but  it  is  of  peculiar  and  vital 
importance  in  electric  lighting,  because  the  slightest  variation 
in  speed  .is  objectionable,  a  change  of  even  a  small  fraction 
of  one  per  cent  in  voltage  producing  a  perceptible   fluctuation 
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in  the  light  of  an  incandescent  lamp.  It  might  be  said  that 
the  engine  ought  to  govern  for  variations  in  steam-pressure; 
that  is,  maintain  a  constant  speed  irrespective  of  small  changes 
in  pressure.  To  a  great  extent  such  is  the  case  ;  but  when  there 
are  a  large  number  of  lamps  in  use,  the  load  on  the  engine 
and  dynamo  and  the  loss  of  potential  on  the  conductors  being  at 
a  maximum,  a  decrease  in  steam-pressure  would  certainly  tend 
to  aggravate  the  difficulty.  In  stating  that  a  boiler  for  electric 
lighting  should  give  a  constant  pressure,  it  is  not  intended  to 
imply  that  a  boiler  is  necessarily  always  run  at  any  particular 
pressure.  It  .is  a  common  practice  to  use  lower  steam-pres- 
sures for  light  loads  and  higher  pressures  for  heavy  loads ;  but 
in  any  case  the  boiler  should  maintain  the  given  pressure. 
Another  special  requirement  which  a  boiler  for  electric  lighting 
should  fulfill,  is  the  ability  to  take  care  of  wide  variations  in 
the  load,  which  often  occur  in  electric  lighting.  These  are  rarely 
rapid,  however,  being  mostly  due  to  the  gradual  increase  or  de* 
crease  of  daylight;  but  the  approach  of  a  thunder-storm  may- 
cause  a  sudden  and  large  increase  in  load.  Two  radically  dif- 
ferent methods  may  be  adopted  to  provide  for  fluctuations  in  load 
which  occur  in  electric  lighting. 

The  first  of  these  consists  simply  in  employing  boilers  of 
the  so-called  "  quick-steaming "  type ;  that  is,  boilers  with  large 
heating-surface  and  comparatively  small  water  capacity,  which  can 
be  quickly  brought  into  condition  for  use.  This  plan  is  largely 
followed,  and  water-tube  boilers  which  are  particularly  quick- 
steaming  are  in  use  in  most  of  the  important  central  stations 
of  the  large  cities  of  both  Europe  and  America.  X^e  other 
method,  which  is  almost  diametrically  opposite  to  the  first,  is 
that  of  "thermal  storage,"  proposed  by  Mr.  Druitt  Halpin,  and 
advocated  by  Professor  W.  C.  Unwin  *  and  Professor  George 
Forbes. t  The  scheme  consists  in  using  boilers  having  only  a 
capacity  sufficient  for  the  average  load,  these  being  run  con- 
tinuously day  and  night.  At  times  of  light  load  the  steam  is 
carried  through  pipes  to  large  iron  reservoirs  of  cheap  con- 
struction,   in   which    it    heats    a   large    quantity   of    water   to   a 

♦  Lecture  before  the  Society  of  Arts  y  London,  January,  1893. 

t  Paper  on  **  Thermal  Storage  for  Central  Stations,"  before  Nat.  Elec.  Light  Assoc.,, 
March  1,  1893.     Elec,  World,  March  11,  1893. 
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high  temperature.  When  heavy  demand  for  light  arises  in  the 
evening,  steam  is  drawn  from  these  reservoirs.  Loss  of  heat  by 
radiation  from  the  reservoirs  can  be  made  small  by  covering  them 
with  non-conducting  material.  Mr.  Halpin  claims  to  replace  22 
boilers,  working  in  the  ordinary  way,  by  5  boilers  and  92  storage 
cylinders,  which  are  cheap  to  construct  and  have  less  deprecia- 
tion than  the  boilers.  The  advantage  of  this  system  would  be 
that  wear  and  the  waste  of  fuel  involved  in  firing  up  boilers  for  a 
few  hours*  work  is  avoided.  Practically  the  same  result  is  ob- 
tained with  ordinary  boilers  by  banking  the  fires  of  some  of 
them  during  light  load.  The  consumption  of  fuel  is  then  small, 
the  maximum  capacity  is  large,  and  the  presence  of  two  differ- 
ent kinds  of  apparatus  is  avoided.  Another  plan  open  to  the 
last-named  objection  but  sometimes  recommended  employs  hori- 
zontal (fire)  tubular  boilers  to  carry  the  ordinary  load,  the  water- 
tube  type  being  also  installed  to  take  care  of  the  variable  por- 
tion of  the  load.  In  this  way  a  large  part  of  the  steam  is 
supplied  by  cheap  boilers,  and  the  more  expensive  type  is  needed 
only  to  meet  the  extra  demands. 

The  various  kinds  of  boilers  may  be  classified  as  follows : — 

8TBAM-BOILBRS. 
CLASSES.  TYPES. 

1.  Plain  cylinder  boilers.  "  Egg-ended  "  type. 

f  Cornish  type,  single  flue. 
a.  Flue  boilers.  3  Lancashire  type,  two  flues. 

(  Galloway  type,    "  breeches  "  flue. 
,    .  ^         ,    ..      r  Return  tubular  boiler. 

3.  Multitubular  or   -fire-tube        ^  Locomotive  boiler. 

^'^*"-  /Marine  boiler. 

4.  Water-tube     or     «* sectional"         Babcock     and     Wilcox    and     many    other 

boilers.  types. 

5.  Coil  boilers.  Torpedo-boat  and  other  types. 

6.  Vertical  boilers.  Various   types  which  are   usually  modified 

forms  of  horizontal  boilers. 

Many  of  these  types  are  not  used  to  any  extent  in  electric 
lighting,  and  need  not  be  considered.  The  forms  of  boiler  com- 
monly employed  are  :  The  water-tube  boiler,  the  ordinary  return 
tubular  boiler,  the  locomotive  type  of  boiler,  and  the  vertical 
boiler. 
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Fig.  16. 
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As  already  stated,  water-tube  boilers  of  the  Babcock  &  Wilcox 
and   other  types  are  very  extensively  used  in  electric  lighting. 
They  possess  the  advantages  of  being  quick-steaming,  not  liable 
to  disastrous  explosions,  easy  to  repair  and  transport  in  sections, 
the  parts  can  be  carried  through  ordinary  doors  or  windows,  and 
water-tube  boilers  being  light  can  be  put  on  the  second  or  third 
floor  (p.  47).     This  type  is  open  to  the  objections  that  they  are 
rather  expensive,  have  not  much  capacity  for  water  or  steam  and 
cannot,  therefore,  stand   a  large   and  sudden  increase    of  load, 
which,  however,  is  not  likely  to  occur  in  electric  lighting.     On 
the  other  hand  they  can  supply  a  large  demand  if  gradually  made. 
The  Babcock  &  Wilcox  water -tube  boiler  ^  shown  in  Figs.  13, 
14,  and  15,  is  very  generally  used  for  electric  lighting  and  other 
purposes  in  this  country  and  many  foreign  countries.     This  and 
other  similar  types  of  boiler  consist  of  a  large  number  of  par- 
allel   iron   tubes  joined    at  their  ends    by    **  headers,'*    or  con- 
necting pieces  of  wrought  or  cast  iron.     The  former  construc- 
tion is  preferable,  being  necessary  in  high-pressure  boilers.    These 
tubes  are  ordinarily  four  inches  in  diameter,  and  are  placed  at 
a  distance  apart  about  equal  to  their  diameter.     The  tubes  are 
•*  staggered,"  or  arranged  so  that  each  tube  is  immediately  over 
the  space  between  two  tubes  in  the  row  below.     The  object  of 
this    arrangement  is  thoroughly  to   abstract  the  heat  from  the 
products    of  combustion.       The    mass  of  tubes  are    connected 
at   both    ends   to   the    long   horizontal    steam   and  water  drum 
above,  the  water-level    being  kept  at  such    a    height  that  this 
drum  is  about  half  full,  as  shown.     At  the  rear  the  tubes  are 
connected  to  the  mud-drum  below,    into  which   the  dirt,  scale, 
etc.,  settles.     The  latest  form  of  these  boilers  has  vertical  head- 
ers both  front  and  back,  as  represented  in  Fig.  13.     A  similar 
arrangement  was   adopted  in  the  earliest  forms  of  Babcock  & 
Wilcox  boiler  originally  patented  in  1867.     But  for  many  years 
inclined   headers  were    universally  employed  at  both  ends,  the 
upper  or  front  one  being  shown  in  Fig.  14.     The  construction 
with  vertical  headers  was  introduced  about  1900,  the  saving  in 
horizontal  space  thus  secured  being  about  10  per  cent.     Caps 
held  in  place  by  clamps  and  bolts  at  both  ends  of  each  tube  are 
easily  removed  to  permit  its  inspection,  cleaning,  or  renewal. 
The  path  of  the  products  of  combustion  is  shown  in  Fig.  1 3, 


102 


ELECTRIC  LIGHTING, 


They  first  pass  directly  upward  from  the  grate,  through  all  the 
water-tubes,  being  obliged  to  take  this  path  by  the  bridge-wall 
at  the  back  of  the  fire-box  and  a  baffle-plate  or  partition  which 


Fig,  10.    sterling  Water-TulM  Boiler. 

surrounds  the  tubes,  and  forms  an  extension  of  the  bridge-wall. 
About  half-way  between  this  wall  and  the  rear  end  of  the  tubes 
is  another  baffle-plate,  above  which  is  a  hanging  wall  of  brick. 
These,  together,  cause  the  gases  to  pass  downward  through  the 
tubes,  and  finally  upward  again  at  the  back,  thus  flowing  three 
times  through  the  entire  mass  of  tubes. 

The  circulation  of  the  water  is  also  very  effective  in  these 
types  of  boiler.  The  inclined  position  of  the  tubes  causes  the 
heated  water  to  flow  from  the  rear  toward  the  front  of  the  boiler^ 
thus  traveling  in  a  direction  opposite  to  that  of  the  gases.  In  this 
way  the  water  is  acted  upon  by  hotter  gases  the  higher  its  own 
temperature  becomes. 

There  are  many  other  well-known  types  of  water-tube  boilers 
which  are  similar  in  principle  but  differ  considerably  in  details 
of  construction.  Among  these  may  be  mentioned  the  Root> 
National,  Heine,  and  Sterling. 

In  Europe  the  Steinmuller  and  other  forms  of  water-tube 
boiler  are  used  in  addition  to  the  Babcock  &  Wilcox,  which 
latter  is  as  widely  used  there  as  in  America.     All  these  types  of 
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water-tube  boilers  are  employed  in  electric  lighting ;  in  fact,  it  is 
one  of  their  most  important  applications. 

Cylindrical  or  Horizontal-Tubular  Boilers.  —  A  typical  form  is 
shown  in  Fig.  17,  and  consists  of  a  cylindrical  shelly  closed  at  the 
ends  by  two  flat  tube-plates^  through  which  the  fire-tubes  extend 
from  one  end  to  the  other.  The  diameter  of  the  fire-tubes  is 
usually  about  3  or  4  inches.  Nearly  two-thirds  of  the  volume 
of  the  boiler  is  filled  with  water,  the  remaining  space  being 
reserved  for  the  steam.  The  water-level  is  6  to  8  inches  above 
the  top  row  of  tubes.  TJie  tubes  act  as  stays  for  the  tube- 
plates  below  the  water-line ;  but  above  the  water-level  the  flat 
plates  must  be  stayed  by  through  rods  from  one  plate  to  the 
other,  or  by  diagonal  stays  to  the  shell  of  the  boiler. 


Fig.  17.    Horiiontat'Tubutar  BoUer. 

The  grate  is  under  the  front  end  of  the  boiler,  and  the  prod- 
ucts of  combustion  pass  back  under  the  boiler.  A  bridge-wall 
at  the  rear  end  of  the  grate  is  arranged  to  throw  the  gases  into 
contact  with  the  boiler.  The  gases  return  through  the  tubes, 
and  pass  out  by  the  up-take^  or  flue  leading  to  the  chimney.  The 
boiler  is  supported  by  cast-iron  brackets,  which  are  riveted  to  the 
shell,  and  rest  on  the  side  walls.  A  vertical  steatn-donie  pro- 
jects from  the  top  of  the  boiler  from  which  the  steam  is  drawn. 
These  boilers  are  made  in  sizes  from  about  3  feet  in  diameter 
and  7  feet  long,  having  12  horse-power  capacity,  to  7  feet  in 
diameter  and   20   feet   long,    having   200   horse-power   capacity. 
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This  assumes  about  15  square  feet  of  heating-surface  per  horse- 
power which  is  a  safe  rating  for  this  type  of  boiler. 

The  Locomotive  Boiler  differs 
from  the  cylindrical-tubular  in  the 
fact  that  a  rectangular  fire-box  is 
formed  on  the  front  of  the  boiler, 
and  the  products  of  combustion 
pass  directly  from  the  fire-box 
through  the  tubes  to  the  end  of 
the  boiler,  and  out  to  the  smoke- 
stack. Thus  the  gases  make  only 
one  passage,  whereas  they  pass 
forward  again  in  the  cylindrical- 
tubular  boiler,  which  is  therefore 
often  called  "  return-tubular." 

The  "  Climax »'  Vertical  Steam- 
Boiler.  —  The  construction  of  this 

1ryj^^^__^aii^^  boiler  is  shown  in  Fig.  \9ta.  The 
j  ^  ^S^^^^il  principal  heating-surface  is  made 
^~  up  of  the  loop-like  tubes  T,  which 

are  expanded  into  the  cylindrical 
shell  A,  two  of  them  being  shown 
blackened  in  the  horizontal  sec- 
tion (Fig.  1 8  b).  Within  the  shell 
-^  is  a  second  cylinder,  B,  which 
is  not  necessarily  steam  or  water 
tight,  and    is  bolted  together  in 

short  sections  for  convenience  of  removal  in  case  of  repairs.     The 

cylinder  B  is  closed  at  the  bottom  and 

open  at  the  top,  which  is  a  little  below 

the  water-level.     The  lower  end  of  each 

tube  T'is  connected  to  the  inner  cylinder 

B  by  means  of  a  short  tube  C,     These 

short  tubes  are  not  expanded,  as  it  is 

not  required  that  they  should  be  tight. 

This  arrangement  is  for  the  purpose  of 

keeping  up  a  rapid  and  constant  cir- 
culation of  water  in  the  tubes   T,     The  ^'^-  '^  ^ 

fire-box  F  surrounds  the  cylinder  A,  and  the  hot  gases  must  pass 


Fig.  18  a.     "  Climax  "  Vertical  Boiler. 
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around  all  of  the  tubes  on  their  way  to  the  chimney.  With  a 
stationary  grate  several  firing-doors  are  required  for  feeding  coal 
on  all  sides ;  but  a  rotary  grate  is  sometimes  employed  with  this 
boiler,  in  which  case  only  one  fire-door  is  necessary. 

Boiler-Setting.  —  Manufacturers  of  boilers  usually  have  plans 
for  setting  which  are  specially  adapted  to  each  particular  type ; 
and  it  is  well  to  follow  these  as  closely  as  possible,  in  order  to 
get  the  best  results  from  a  given  boiler.  Fig.  1 7  shows  a  setting 
for  the  ordinary  horizontal  tubular  boiler.  It  consists  of  a  cast- 
iron  front,  and  brick  walls  12  to  16  inches  thick,  which  inclose  and 
carry  the  boiler.  Where  the  flame  strikes,  or  the  temperature  is 
high,  there  is  a  lining  of  one  layer  of  fire-brick,  laid  with  fire-clay. 
The  side  walls  are  prevented  from  bulging  by  vertical  buck-staves, 
held  together  by  through  rods.  Stays  or  other  construction  of 
wrought  iron  should  not  be  exposed  to  the  heat,  as  it  tends 
to  warp  badly.  It  should  be  protected  by  brickwork;  or  cast 
iron,  which  is  warped  less  by  heat,  may  be  substituted. 

The  water-tube  types  of  boiler  are  supported  on  a  frame 
made  of  iron  beams,  which  is  inclosed  or  filled  in  with  walls 
of  brickwork,  as  shown  in  Figs.  13  and  16. 

Grates.  —  The  grate  usually  consists  of  fire-bars  of  cast  iron, 
upon  which  the  fuel  rests.  These  bars  are  about  |  to  1  inch 
thick ;  and  the  distance  between  them  is  from  J  to  i  inch,  the 
rule  being  that  for  coal  the  open  space  between  the  grate-bars 
should  be  from  J  to  i  of  the  total  grate  area.  For  wood  or  for 
forced  draught,  the  open  space  need  not  be  more  than  ^  to  |  of 
the  grate  area.  The  depth  of  the  grate-bars  is  about  2  inches 
at  the  ends,  and  3  to  5  inches  in  the  middle ;  and  their  length 
is  from  2  to  3j  feet.  The  grate  has  a  maximum  length  of  6  or 
7  feet,  made  up  of  two  long  or  three  short  bars,  end  to  end,  and 
has  a  width  of  not  more  than  4  or  5  feet,  in  order  to  allow  the 
fireman  to  properly  feed  it  with  coal.  The  grate-bars  have  pro- 
jections at  each  end,  and  usually  in  the  middle  also,  to  keep  them 
at  the  proper  distance  apart ;  and  they  are  simply  laid  upon  cross- 
bearers  of  iron,  so  as  to  be  readily  taken  out.  The  thickness  of 
the  grate-bars  should  diminish  towards  the  lower  edge,  in  order  to 
allow  free  entrance  for  the  air  and  better  escape  for  the  ashes. 
Each  square  foot  of  gjate  surface  will  properly  burn  15  to  18  lbs. 
of  coal  per  hour  with  a  good  natural  draught  equal  to,  say,  %  to 
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\\  inch  of  water.  In  the  case  of  tubular  boilers,  the  draught 
area  through  the  tubes  should  not  be  less  than  one-sixth,  nor 
more  than  one-quarter,  of  the  grate  surface. 

By  means  of  a  forced  draught,  a  much  greater  rate  of  con- 
sumption can  be  obtained ;  but  this  would  not  ordinarily  be 
necessary  or  desirable  in  electric  lighting.  A  steam-jet  in  the 
chimney,  or  some  other  means  of  forcing  or  aiding  the  draught, 
is  often  very  convenient,  however,  in  starting  up  the  fire,  or 
at  times  when  the  draught  is  poor. 

Some  form  of  rocking-grate,  of  which  Fig.  19  shows  an  exam- 
ple, is  usually  desirable,  particularly  with  anthracite  coal.     These 


Fig.  19.    McClaoe  Roching-Qtata, 

facilitate  the  work  of   the   fireman.     The   removed   portion,  H, 
shown  below,  should  rest  at  G  and  Z>,  and  carries  the  pins  A  A, 

Boilers  are  sometimes  "fired"  by  means  of  mechanical  sto- 
kers, which  are  driven  by  a  small  steam-engine  or  electric 
motor,  and  act  automatically  to  furnish  the  boiler  with  a  con- 
tinuous supply  of  coal.  Uniformity  of  feed  and  saving  of  labor 
are  secured  by  these  devices,  one  form  of  which  is  shown  in 
Fig.  20.  The  objection  to  mechanical  stokers,  in  addition  to 
their  first  cost  and  liability  to  get  out  of  order,  is  the  fact 
that  they  feed  without  regard  to  the  demands  upon  the  boiler, 
whereas  a  fireman  can  suit  the  supply  of  coal  to  the  circum- 
stances.    Experience    seems    to    show    that    the    loss    from    this 
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cause  with  a  mechanical  stoker  is  about  equal  to  the  wages  of  the 
fireman ;  and  there  is  the  advantage  of  being  rid  of  trouble  from 
strikes  and  incompetent  workmen. 

The  construction  of  the  chimney  was  considered  on  page  68. 
The  ordinary  height  is  76  to  200  feet.     A  chimney  175  feet  high 


will  give  a  draught  of  \\  inch  of  water,  and  with  8  feet  internal 
diameter  is  sufficient  for  a  2,000  H.P.  plant.  The  gases  in  the 
chimney  should  be  from  200°  to  250°  C.  Higher  temperatures  are 
not  economical,  since  they  do  not  greatly  increase  the  draught  and 
involve  waste  of  heat.     Where  several  boilers  connect  with  the 
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same  flue,  they  are  likely  to  interfere  with  each  other's  draught. 
This  may  be  avoided  by  placing  a  deflecting-plate  where  each  con- 
nects with  the  flue,  this  plate  being  bent  in  the  direction  that  the 
gases  should  go.  The  main  damper  is  put  in  the  flue  near  where 
it  enters  the  chimney.  Automatic  damper  regulators  are  often  used 
in  electric-lighting,  and  although  they  do  not  maintain  perfectly 
constant  pressure,  their  action  being  prompt  tends  to  counteract 
great  variations.  They  usually  operate  by  direct  action  of  the 
steam-pressure  upon  a  piston  or  diaphragm,  the  motion  of  which 
opens  or  closes  the  damper  through  a  mechanical  connection. 

Manholes.  —  A  fire-tube  boiler  should  be  provided  with  one 
or  more  manholes,  to  allow  a  man  to  get  inside  to  inspect,  clean, 
or  repair  it.  The  hole  is  made  oval  in  shape,  partly  to  conform 
to  the  form  of  the  body,  and  partly  because  a  door  of  that  shape 
can  be  passed  through  the  hole,  which  is  not  the  case  with  a 
circular  door.  A  manhole  is  from  14  to  18  inches  long,  and 
from  10  to  13  inches  wide. 

Water-Level  Indicators.  —  Two  devices  should  always  be  pro- 
vided on  every  boiler  to  show  the  exact  height  of  the  water  in 
the  boiler,  these  being  the  water-gauge  and  the  test  cocks  or 
gauge.  The  water-gauge  (Fig.  14)  consists  of  two  horizontal 
tubes  leading  into  the  boiler,  one  directly  above  the  other,  and 
connected  by  a  thick  glass  tube.  This  should  be  placed  at 
such  a  height  that  the  normal  level  of  the  water  is  about  half- 
way up  the  glass  tube.  Gauge-cocks  consist  of  three  small 
faucets,  placed  one  above  the  other  at  such  points  that  when 
the  water  is  at  its  proper  level  the  lowest  one  gives  water,  the 
top  one  gives  steam,  and  the  intermediate  one  gives  mixed 
steam  and  water,  when  they  are  successively  turned  on  to  allow 
a  little  escape.  These  should  be  frequently  tried,  to  make  sure 
what  the  true  water-level  is ;  because  the  glass  water-gauge  is 
apt  to  become  clogged,  and  give  a  false  indication  of  the  height 
of  water.  More  accidents  are  due  to  inattention  regarding  water- 
gauges  than  to  all  other  causes  combined.  Too  low  a  water-level 
is  one  of  the  most  dangerous  conditions  that  can  possibly  exist 
in  a  boiler.  Other  means  are  also  used  to  show  the  water-level, 
or  to  guard  against  its  becoming  too  low.  One  of  these  con- 
sists of  a  float  connected  to  a  valve,  which  is  opened  when  the 
water-level  becomes  too  low,  and  the  escape  of  steam  causes  a 
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whistle  to  blow  and  give  warning.  Fusible  plugs  are  also  placed 
in  the  boiler  at  such  a  height  as  to  be  covered  by  the  water  when 
it  is  at  the  proper  level ;  but  when  it  falls  too  low  the  plug  is  no 
longer  kept  cool  by  the  water,  and  is  fused  by  the  heat  of  the  fire, 
which  allows  the  steam  to  escape  and  warns  the  fireman. 

Pressure-Gattge.  —  Every  boiler  must  have  an  accurate  and 
reliable  pressure-gauge  to  indicate  the  exact  steam-pressure.  In 
addition  to  the  ordinary  gauge,  some  good  form  of  recording 
pressure-gauge  is  recommended  as  giving  a  permanent  record, 
and  acting  as  a  check  on  the  fireman.  The  instrument  may  be 
placed  in  the  office  or  engine-room,  at  any  desired  distance  from 
the  boiler,  the  full  pressure  being  transmitted  to  it  by  a  small  pipe. 

Safety-Valve.  —  This  is  simply  a  loaded  valve  which  is  lifted, 
and  allows  the  steam  to  escape  when  the  pressure  rises  above 
a  certain  amount.  The  load  on  the  valve  may  consist  of  either  a 
weight  or  a  spring.  The  pressure-gauge  and  the  safety-valve  act 
as  a  check  upon  each  other,  and  the  failure  of  one  would  generally 
be  indicated  by  the  other ;  but  since  so  very  much  depends  upon 
them,  they  should  be  of  the  best  possible  construction,  and  should 
be  carefully  examined  and  tested  at  frequent  intervals. 

Feed-Water  Purification.  —  The  water  used  in  steam-boilers  is 
obtained  either  from  the  regular  city  water-supply,  or  from  some 
source  such  as  a  pond,  river,  or  well.  Which  of  these  is  best  to 
employ  depends  upon  the  circumstances  in  each  particular  case ; 
but  in  almost  every  instance  the  question  of  the  purity  of  the 
water  is  an  important  matter.  Almost  any  water  available  for 
use  in  boilers  contains  from  10  to  100  grains  of  solid  material  per 
gallon ;  and  since  a  100  horse-power  boiler  evaporates  about 
30,000  lbs.  of  water  per  day  of  10  hours,  or  about  400  tons  per 
month,  the  accumulation  of  this  material  becomes  very  consider- 
able, being  from  75  to  750  lbs.  per  month,  assuming  only  half  of  it 
to  be  deposited.  Impurities  in  water  are  of  two  distinct  kinds : 
First,  small  particles  of  solid  material  mechanically  held  in  sus- 
pension, the  presence  of  which  is  perfectly  evident  to  the  eye, 
forming  what  is  called,  in  plain  language,  muddy  or  dirty  water. 
The  other  class  of  impurities  are  mineral  substances  dissolved  in 
water,  producing  little  or  no  change  in  its  appearance  or  trans- 
parency. 

Impurities  of  the  first  kind  can  be  removed  by  filtering,  or  by 
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simply  allowing  the  suspended  particles  to  settle ;  but  impurities 
actually  dissolved  in  the  water  can  only  be  eliminated  by  some 
process  of  chemical  or  physical  precipitation.  The  so-called 
"  hard  water  "  is  simply  water  containing  compounds  of  lime,  mag- 
nesia, etc.,  in  solution,  which  are  particularly  objectionable  in  water 
for  boilers,  since  they  are  deposited  as  a  scale  or  incrustation  upon 
the  interior,  and  seriously  interfere  with  the  transmission  of  heat 
through  the  metal,  thereby  reducing  the  efficiency  of  the  boiler, 
and  also  introducing  a  danger  that  it  will  become  excessively 
heated  and  weakened.  These  deposits  in  boilers  sometimes  reach 
a  thickness  of  half  an  inch  or  more,  and  are  extremely  trouble- 
some and  difficult  to  prevent,  or  to  remove  after  they  have  formed. 
It  is  estimated  that  scale  ^  inch  thick  necessitates  the  use  of 
about  10  per  cent  more  fuel,  \  inch  almost  40  per  cent  more, 
and  i  to  f  inch  scale  actually  doubles  the  amount  of  fuel  required 
to  generate  a  given  quantity  of  steam.  These  facts,  and  the 
greatly  increased  repairs  and  danger  arising  from  scale  in  boilers, 
show  the  great  importance  of  eliminating  it. 

Feed-water  purifiers  of  various  forms  are  employed  to  rid  the 


Fig.  21.    StiHiveii  Feed-water  Purifier  and  Heater. 

water  of  these  impurities.  They  usually  consist  of  vessels  or  col- 
lections of  tubes  in  which  the  water  is  heated,  as  represented  in 
Fig.  21,  the  object  being  to  deposit  the  impurities  in  the  purifier, 
from  which  they  can  be  easily  removed,  instead  of  in  the  boiler 
itself.  Indeed,  any  form  of  feed-water  heater  (page  113)  or  econ- 
omizer (page  113)  also  acts  in  the  same  way. 

The  chemical  treatment  of  the  water  previous  to  introducing  it 
into  the  boiler  to  remove  the  dissolved  impurities  is  not  particu- 
larly practicable,  but  in  some  cases  it  may  be  beneficial.  For  this 
purpose  one  may  use  some  substance  which,  when  added  to  the 
water,  precipitates  the  foreign  matter,  so  that  it  can  be  removed 
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l>y  filtering,  or  by  permitting  it  to  settle.  For  example,  carbo- 
nate of  lime  or  magnesia  is  one  of  the  most  common  impurities  in 
water,  but  it  is  only  soluble  in  water  charged  with  carbonic  acid ; 
hence  if  milk  of  lime  or  caustic  soda  be  put  in  the  water,  the  car- 
bonic acid  combines  with  it,  which  causes  the  carbonate  of  lime  to 
be  precipitated.  The  sulphates  of  lime  and  magnesia,  which  next 
to  the  carbonates  are  the  most  common  impurities  in  water,  may 
be  precipitated  by  adding  carbonate  of  soda  or  soda-ash  to  the 
water.  The  precipitate,  which  is  a  white  powder,  may  be  removed 
from  the  water  by  filtration,  or  may  be  blown  out  of  the  boiler 
from  time  to  time,  and  is  far  less  objectionable  than  the  hard 
adherent  scale  formed  by  the  sulphates.  Deposits  in  boilers  may 
be  removed  by  the  simple  operation  of  "  blowing  off,"  which  con- 
sists in  allowing  a  certain  amount  of  water  to  escape  from  the 
mud-drum,  thereby  carrying  away  the  dirt  and  precipitates  which 
tend  to  collect  in  it.  Actual  cleaning  with  scrapers  is  necessary 
if  the  deposit  has  formed  on  the  tubes  or  shell  of  the  boiler,  and 
has  reached  a  thickness  of  |  or  J  inch.  There  are  many  *'  boiler 
compounds  "  which  are  put  into  the  boiler,  and  intended  to  dis- 
solve, loosen,  or  otherwise  get  rid  of  the  scale.  These  last  reme- 
dies are  somewhat  similar  to  "  quack  medicines ; "  but  they  are 
quite  popular  in  places  where  the  hardness  of  the  water  gives 
great  trouble,  and  is  often  so  serious  that  almost  any  remedy  is 
welcome.  Oak,  hemlock,  and  other  barks,  logwood  and  similar 
substances,  are  effective  in  water  containing  carbonate  of  lime  or 
magnesia,  by  reason  of  their  tannic  acid,  which  produces  a  precipi- 
tate that  is  held  in  suspension,  and  does  not  deposit  as  scale ;  but 
the  tannic  acid  is  injurious  to  the  iron,  being  apt  to  corrode  it. 
The  same  objection  applies  to  molasses,  vinegar,  fruits,  etc.,  which 
have  also  been  used ;  but  their  acetic  acid  eats  away  the  iron. 

Oil  is  frequently  put  into  boilers  to  prevent  the  scale  from 
adhering;  but  great  care  should  be  observed  in  its  use,  as  it  is 
likely  to  cause  foaming  and  other  troubles.  The  best  oil  is  a 
high-grade  kerosene ;  and  any  oil  that  is  heavy  (i.e.  has  "  body  ") 
is  very  objectionable,  because  it  tends  to  occasion  foam,  and  also 
forms  films  or  accumulations  which  prevent  the  water  from  com- 
ing in  contact  with  the  iron,  thereby  allowing  the  latter  to  become 
abnormally  heated  and  producing  weak  or  bulged  spots. 

Feed   Pumps  and  Injectors.  —  The  boiler  is  usually  supplied 
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with  water  by  means  of  one  or  more  direct-acting  steam-pumps. 
These  should  preferably  be  double-acting  and  duplex  (two  cyl- 
inders), in  order  to  maintain  a  steady  flow  of  water;  and  the 
design  should  be  as  simple  as  possible,  so  as  to  reduce  the  danger 
of  accidental  interruption  of  the  water-supply,  which  is  a  serious 
matter.  The  pumps  should  be  capable  of  delivering  at  least  twice 
the  quantity  of  water  that  corresponds  to  the  maximum  steam 
consumption  of  the  engines  in  order  to  have  ample  margin  for 
leaks  of  water  and  steam,  blowing  off,  interruptions,  and  to  enable 
the  steam  pressure  to  be  kept  down  in  case  of  sudden  stoppage 
of  the  engines.  A  duplicate  pump  or  an  injector  should  be  pro- 
vided as  a  precaution  against  breakdowns.  The  pump  should 
be  regulated  to  feed  at  exactly  the  right  rate,  so  that  it  keeps  a 
uniform  stream  of  water  flowing  into  the  boiler  through  the 
heater;  whereas,  if  the  pump  is  stopped  part  of  the  time,  the 
water  in  the  heater  will  .get  too  hot,  and  when  the  pump  is 
started  again  at  increased  speed,  to  make  up  for  the  stoppage,  it 
then  tends  to  fill  the  boiler  with  cold  water.  The  feed-pipe 
leading  into  the  boiler  should  be  arranged  to  give  the  feed-water 
a  motion  in  the  same  direction  as  the  natural  circulation  of  the 
main  body  of  water  in  the  boiler,  thereby  aiding  the  flow. 

There  should  be  both  a  check- valve  and  a  stop- valve  between 
the  boiler  and  pump.  Without  a  check  in  the  pipe  the  hot  water 
is  likely  to  back  up  on  the  pump  and  make  it  difficult  to  start; 
and  they  are  also  needed  in  case  of  accident  or  repair.  A  safety 
blow-off  should  also  be  provided  to  prevent  blowing  out  of  pack- 
ing or  bursting  of  pipe. 

The  most  necessary  condition  to  the  satisfactory  working  of 
the  steam-pump  is  a  full  and  steady  supply  of  water.  The  pipe- 
connection  should  in  no  case  be  smaller  than  the  openings  in  the 
pump.  The  suction-lift  and  delivery-pipes  should  be  as  straight 
and  smooth  on  the  inside  as  possible,  and  the  total  area  of  the 
strainer-holes  should  be  from  three  to  five  times  the  area  of 
the  pipe. 

When  the  lift  of  a  pump  is  high,  or  the  suction  long,  a  foot- 
valve  should  be  placed  on  the  end  of  the  suction-pipe,  and  the 
area  of  the  foot-valve  should  exceed  the  area  of  the  pipe.  A 
foot-valve  enables  the  pump  to  start  off  promptly  and  freely,  as 
it  avoids  waiting  for  the  suction-pipe  to  fill. 
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The  suction-pipe  should  be  air-tight,  because  any  considerable 
leakage  of  air  would  prevent  the  flow  of  water.  A  slight  leak- 
age, however,  is  sometimes  permitted  to  avoid  pounding  and 
does  no  harm  if  the  pump  has  ample  capacity.  It  is  important 
for  the  suction-pipe  to  be  as  straight  and  free  as  possible. 

The  area  of  the  steam-  and  exhaust-pipes  should  in  all  cases 
be  fully  as  large  as  the  nipples  in  the  pump  to  which  they  are 
attached.  The  cylinders  of  steam-pumps  should  always  be  oiled 
before  starting  in  the  morning  or  stopping  at  night.  In  the 
ordinary  boiler  feed-pump  the  ratio  between  steam-  and  water- 
cylinders  is  about  four  to  one  in  area,  or  two  to  one  in  diameter. 
Stuffing-boxes  on  the  piston-  and  valve- rods  should  in  all  cases  be 
filled  with  soft,  moist  packing,  because  packing  which  is  allowed 
to  become  hard  and  dry  will  flute  the  rods,  inducing  leakage  and 
necessitating  repairs.  The  air-vessels  on  the  delivery-pipe  of  the 
steam-pump  should  never  be  less  than  five  times  the  volume  of 
the  water-cylinder. 

It  is  almost  always  advantageous,  and  at  high  speeds  neces- 
sary, to  connect  a  vacuum  chamber  to  the  suction-pipe  near  the 
pump,  to  avoid  shock,  particularly  with  long  suction-pipes. 

When  pumps  are  stopped  or  are  put  out  of  service  in  cold 
weather,  all  the  drain,  drip,  and  pet  cocks  should  be  left  open, 
and  the  steam-cylinder  .should  be  well  oiled  before  stopping. 
Ordinarily  the  speed  of  the  piston  or  plunger  is  between  50  and 
100  feet  per  minute,  depending  upon  the  style  of  pumping,  the 
piping,  etc.,  but  should  be  low  enough  to  avoid  pounding  and 
excessive  wear. 

A  steam-injector  capable  of  feeding  all  the  boilers  should  be 
provided  in  addition  to  the  feed-pump,  for  use  in  case  the  latter 
fails.  It  IS  not  desirable  to  use  injectors  all  the  time,  however, 
since  they  are  more  wasteful  of  steam  than  a  pump,  especially  if 
a  condenser  be  employed  in  the  plant,  and  the  exhaust  from  the 
pump  is  run  into  it;  or  in  case  the  exhaust  is  used  for  heating. 

Feed-water  Heaters* — These  should  be  provided  in  every  elec- 
tric-lighting installation,  whether  it  be  a  large  central  station  or 
a  small  isolated  plant,  in  order  to  save  as  much  as  possible  of 
the  heat  in  the  exhaust  steam,  and  at  the  same  time  avoid  feed- 
ing the  boiler  with  cold  water.  The  ordinary  forms  of  feed-water 
heater  consist  either  of  a  collection  of  pipes  through  which  the 


114 


ELECTRIC  LIGHTING. 


feed-water  is  passed,  and  around  which  the  exhaust  steam  from 
the  engine  circulates,  thereby  warming  the  feed-water,  or  the  con- 
verse arrangement.  The  feed-water  heater  introduces  no  objec- 
tionable complication  or  trouble,  being  merely  interposed  in  the 
pipe  leading  from  the  feed-pump  to  the  boiler;  and  it  seems  to  be 
generally  desirable  and  advantageous  for  both  condensing  and 
non-condensing  engines,  even  when  the  exhaust  steam  from  the 
latter  is  used  for  steam  heating.  The  Berryman  heater  is  a  well- 
known  type,  and  consists  of  a  series  of  inverted  (J  tubes,  through 
which  the  exhaust  steam  passes,  and  around  which  the  feed-water 
circulates. 

Economizers. — These,  like  feed-water  heaters,  have  for  their 
object  the  saving  of  escaping  heat  and  the  warming  of  the  feed- 


Fig,  22.    Qnen  Fuel  £oonomlzer 


water;  but  in  the  economizer  the  heat  is  obtained  from  the  waste 
gases  on  their  way  from  the  boiler  to  the  chimney,  instead  of  from 
the  exhaust  steam.  The  form  and  arrangement  of  the  Green 
economizer,  which  is  extensively  used  in  this  country  and  abroad, 
is  shown  in  Fig.  22.  The  economizer  of  course  tends  to  reduce 
the  temperature  of  the  gases  in  the  chimney,  and  to  that  extent 
decreases  the  force  of  the  draught.  If,  however,  the  gases  leave 
the  boiler  at  a  higher  temperature  than  is  needed  to  give  sufRcient 
draught,  then  the  reduction  in  temperature  is  not  objectionable. 
If,  on  the  other  hand,  the  gases  are  cooled  by  passing  through  the 
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boiler  to  as  low  a  temperature  as  i$  compatible  with  a  good 
draught,  then  the  economizer  evidently  is  undesirable,  unless 
used  in  combination  with  mechanical  draught.  As  a  matter  of 
fact,  the  economizer  is  practically  an  extension  of  the  boiler; 
but  the  use  of  a  separate  economizer  is  a  much  better  arrange- 
ment than  combining  it  directly  with  the  latter  (by  making  a 
longer  boiler,  for  example),  since  it  enables  the  boiler  as  a  whole 
to  be  run  at  a  higher  temperature  and  pressure,  and  avoids 
the  introduction  of  cold  water  into  the  boiler  proper.  It  would 
therefore  seem  that  the  economizer  is  particularly  suited  to  cases 
where  the  steam  pressure  is  high,  since  the  temperature  of  the 
boiler,  and  that  of  the  waste  gases  leaving  the  boiler,  would  be 
correspondingly  elevated.  This  and  other  forms  of  economizer 
are  very  commonly  adopted  in  electric-lighting  plants,  and  are 
usually  to  be  recommended,  particularly  when  the  steam  pressure 
is  100  lbs.  per  square  inch,  or  more. 

Since  the  feed-water  heater  utilizes  the  heat  in  the  exhaust 
steam  it  cannot  raise  the  temperature  of  the  water  above  212°  F. 
On  the  other  hand,  the  economizer  derives  its  heat  from  the  waste 
gases,  which  may  be  at  500°  or  600°  F.,  so  that  the  feed-water  is 
brought  above  the  boiling  point  and  is  under  full  boiler  pressure. 
Hence  the  water  must  pass  through  the  feed-pump  before  enter- 
ing the  economizer.  The  feed-water  heater  may  also  be  placed 
•  on  the  same  side  of  the  pump,  in  which  case  it  carries  boiler 
pressure  and  the  pump  works  on  cool  water.  If  the  pump  is 
put  between  the  heater  and  the  economizer  the  former  runs  at 
ordinary  pressure  and  the  pump  contains  warm  water,  but  below 
boiling  point. 

ARRANOBMBNT    OP    BOILERS. 

The  vital  importance  in  electric  lighting  of  avoiding  the 
least  interruption  in  service,  makes  it  necessary  to  take  every 
precaution  to  insure  absolute  continuity  in  the  working  of  the 
plant  as  a  whole,  even  if  an  accident  should  occur  to  any  one 
element.  This  is  usually  secured  by  having  at  least  one,  and 
if  possible  two  or  three,  extra  or  reserve  elements  of  each  kind. 
In  addition  to  having  spare  apparatus,  it  is  also  necessary  to 
adopt  a  carefully  considered  arrangement,  in  order  that  the 
breaking  down  of  one  element  shall  not  prevent  the  use  of  the 
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Others.  For  example,  if  a  number  of  boilers  connect  with  one 
main  steam  pipe,  it  might  happen  that  an  accident  to  that  pipe 
at  some  point  would  cut  off  the  supply  of  steam  from  all  of  the 
boilers.  One  way  to  provide  against  this  trouble  is  to  have  what 
is  called  the  *  *  ring  * '  arrangement  of  boilers,  in  which  the  boilers 
are  placed  in  two  rows  and  the  main  steam  pipe  is  a  complete 
ring,  so  that  accidents  would  have  to  occur  simultaneously  at  two 
points  in  order  to  cut  off  any  considerable  number  of  boilers. 
There  is  a  valve  between  each  boiler  and  the  ring  pipe,  and  also 
one  in  the  latter  between  each  boiler  and  the  next.  This  ar- 
rangement is  an  excellent  one,  and  is  often  adopted.  The 
arrangement  consisting  of  a  duplicate  set  of  steam-piping  is  an 
almost  sure  guaranty  of  continuity  of  service;  but  it  involves  con- 
siderable extra  expense  and  complication.  An  example  of  this 
arrangement  is  found  in  the  plant  of  the  Westchester  Lighting 
Company  at  New  Rochelle,  N.  Y.,  described  in  the  American 
Electrician^  March,  1902.  In  this  case  every  boiler  is  connected 
so  as  to  feed  into  either  of  two  duplicate  16-inch  steam  headers. 
The  two  larger  engines  of  750  H.  P.  each  are  individually  fed 
through  6-inch  pipes  from  one  header  only,  being  supplemented 
by  additional  connections  through  reducing  valves  to  the  low- 
pressure  cylinders  from  the  other  main  header.  The  other  three 
engines,  aggregating  about  400  H.  P.,  and  all  of  the  auxiliaries 
are  fed  in  duplicate  from  the  two  headers. 

Partial  or  complete  duplication  of  steam-piping  is  particularly 
important  where  the  boilers  and  engines  are  not  very  close  together 
because  a  breakdown  is  more  likely  to  occur.  If  the  boilers  are 
placed  in  a  row  on  one  side  of  the  division  wall  and  the  engines 
similarly  located  on  the  other  side,  with  one  common  intercon- 
necting steam  header,  practically  the  same  advantages  may  be 
secured  without  duplication.  The  piping  of  the  New  York  Edi- 
son Company's  Waterside  Station  is  so  arranged,  as  shown  in 
plan  in  Fig.  23,  also  on  pages  48  and  49.  All  of  the  delivery 
pipes  from  the  boilers  and  all  of  the  pipes  feeding  the  engines 
are  connected  directly  to  a  single  longitudinal  header,  each  of 
these  pipes  being  controlled  by  its  own  valve.  There  are  also 
valves  in  the  header  by  which  it  may  be  subdivided  so  that  an 
accident  at  one  or  even  two  or  three  points  would  not  disable  the 
entire  plant.     On  the  other  hand,  an  accident  in  the  middle  of  the 
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header  will  prevent  engines  at  one  end  to  be  operated  by  boilers 
at  the  other  end  of  the  row,  which  is  possible  with  duplicate  pip- 
ing. But  with  units  of  similar  size  and  type  it  makes  little  dif- 
ference which  are  in  operation. 

Steam-Piping. — This  matter  is  one  of  those  details  of  con- 
struction which  are  very  commonly  neglected,  and  cause  far 
more  trouble  than  the  principal  elements  of  a  plant.  The  pipe 
used  should  be  of  the  best  quality,  made  either  of  wrought  iron 
or  steel,  lap-welded  and  of  ample  thickness  to  stand  the  pressure. 
Flanges  and  fittings  should  be  made  of  the  best  material  and 
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very  carefully  put  together.  Leaky  steam-fittings  are  very  com- 
mon and  cause  much  annoyance.  The  flange  may  be  recessed 
or  grooved  to  prevent  blowing  out  of  the  gasket.  The  best  con- 
struction IS  to  have  the  flanges  welded  on  to  the  ends  of  the  pipes. 
This  involves  greater  expense  in  making  and  fitting,  but  would 
probably  save  money  in  a  permanent  plant.  Ordinarily  the 
flange  is  screwed  upon  the  pipe,  in  which  case  care  should  be  ex- 
ercised to  have  exactly  the  same  taper  on  both,  which  is  a  very 
essential  condition  to  a  tight  joint.     The  joint  is  calked  on  the 
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inside,  and  the  small  recess  in  the  back  of  the  flange  around  the 
body  of  the  pipe  is  calked  with  Babbit  or  steam  metal,  in  case 
of  leakage  of  the  screw-joint  when  circumstances  will  not  per- 
mit the  joint  to  be  opened  and  recalked  inside.  The  screw- 
joint  should  be  made  with  plumbago,  to  allow  it  to  be  un- 
screwed, if  necessary,  without  breaking.  The  flange  should  be 
very  heavy  and  made  as  strong  at  the  bolt-holes  as  at  other 
points,  which  is  secured  by  having  bosses  around  the  latter. 
The  bolts  should  be  as  close  together  as  the  free  use  of  the 
wrench  will  permit. 

Steam-piping  should  be  carefully  arranged  so  that  water  will 
not  collect  in  it,  as  it  causes  water-hammer  eflects,  and  if  it 
gets  into  the  engine  cylinder  it  may  wreck  it.  One  plan  is  to 
have  the  pipe  slope  slightly  downward  all  the  way  from  the 
engine  to  the  boiler;  but  the  difliculty  is  that  the  steam  tends 
to  stop  the  back  flow  of  the  water  and  carry  it  along  with  it 
It  is  better,  therefore,  to  have  the  piping  slope  toward  the 
engine,  and  insert  a  steam  trap  or  separator  near  the  latter  to 
eliminate  the  water.  The  latest  and  best  practice  consists  in 
running  a  small  pipe  immediately  beneath  the  main  pipe  or  steam 
header,  the  two  being  connected  at  frequent  intervals  by  short 
vertical  pipes.  These  auxiliary  pipes  are  sometimes  made  as 
small  as  i  inch,  but  \\  inches  in  diameter  is  better  practice.  This 
drainage  pipe  is  connected  to  a  steam  trap,  returned  to  the  boiler 
or  otherwise  arranged  so  that  the  water  condensed  from  the  steam 
is  continually  drawn  off  from  the  header.  With  suflicient  height 
In  the  boiler-room  it  is  desirable  to  have  vertical  bends  (Fig.  24) 
connecting  the  boilers  with  the  header  in  order  to  avoid  the 
••  pocketing  "  or  retention  of  the  water.  For  a  similar  reason  the 
connections  to  the  engines  may  be  taken  from  the  upper  side  of 
the  header 

Gaskets. — Corrugated  gaskets  of  copper  may  be  used  in  the 
case  of  mains  where  the  ends  of  the  pipe  can  be  freely  moved, 
or  sometimes  they  may  be  omitted  altogether  in  such  a  case,  and 
the  joint  made  iron  to  iron.  But  in  the  case  of  repairs,  which 
are  sure  to  come  sooner  or  later,  the  line  will  be  distorted  more 
or  less,  and  it  will  be  almost  impossible  to  bring  the  ends  back 
to  exactly  the  same  position.  For  this  reason  it  is  better  to  use 
a  thin  composition  gasket.  This  will  allow  for  slight  inequality 
in  the  faces  and  fitting  of  the  flanges. 
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Expansion  Joints. — ^The  ordinary  slip-joint  is  not  suited  to 
high  pressure,  because  it  will  not  slide  if  the  packing  is  adjusted 
tightly  enough  to  prevent  leaking.     The  best   way  to    take  up 


Fig,  24.    Y9rtloal  euid  Horizontal  Plpe-bondt, 


expansion  in  high-pressure  systems  is  by  means  of  long  pipe- 
bends  of  considerable  radius,  the  proper  proportions  being  shown 
in  Fig.  24. 

Valves.— These  should  be  globe  or  gate  valves,  operated  by 
an  outside  screw.  The  spindle  should  be  of  steel,  and  tinned, 
or  of  brass.  The  valve  body  should  be  extra  heavy  for  high 
pressures,  and  in  all  cases  stifTer  than  any  other  part  of  the 
system,  to  prevent  any  springing,  which  would  cause  the  valv.e 
to  leak.  The  seats  of  the  valves  should  be  bronze  or  brass. 
All  valves  with  over  6  inches  diameter  of  port  should  have 
a  by-pass  valve  (i.e.,  a  smaller  valve  about  If  to  3f  inches  in 
diameter)  to  equalize  the  pressure  on  both  sides  of  the  large 
valve  before  it  is  opened.  This  relieves  excessive  strain  on  the 
spindle  and  seats,  and  should  always  be  used  on  high-pressure 
work.  Large  valves  or  those  that  are  inaccessible  may  be  opened 
and  closed  by  motors. 

Supports  for  Steam-Piping. — A  steam  pipe  should  rest  when  pos- 
sible upon  some  solid  support,  and  is  often  mounted  upon  rollers 
to  allow  for  expansion.  It  is  very  important  to  avoid  vibration, 
which  often  occurs,  as  well  as  the  strains  due  to  expansion,  because 
they  rack  the  whole  system  and  cause  leaky  joints.  Rollers 
often  give  trouble  on  account  of  rust,  so  that  many  engineers 
provide  simple  flat  iron  surfaces  upon  which  the  pipe  rests.  If 
supported  from  overhead  beams,  some  good  form  of  pipe-hanger 


120  ELECTRIC  LIGHTING. 

is  used,  which  should  be  carefully  adjusted  so  as  to  preserve 
the  alignment  of  the  pipe,  and  at  the  same  time  long  enough 
with  a  flexible  joint  to  allow  for  expansion.  One  of  the  best 
arrangements  is  to  have  all  the  piping  below  the  engine-room 
floor  in  the  spaces  between  the  foundations  of  the  machinery. 
This  permits  the  pipes  to  be  placed  on  solid  supports,  connec- 
tions to  the  engines  being  made  by  risers  with  a  steam-separator 
at  the  base  of  each. 

Steam  Pipe  Covering. — All  pipes  carrying  live  steam  should  be 
carefully  covered  with  some  material,  to  prevent  loss  of  heat  and 
condensation  of  the  steam.  Various  materials  are  used  for  this 
purpose,  such  as  mineral  or  slag  wool,  magnesia,  asbestos,  hair 
felt,  and  other  similar  substances.  It  is  preferable  that  the  ma- 
terial should  be  incombustible.  Several  dealers  make  a  spe- 
cialty of  supplying  these  coverings  in  various  forms  to  fit  dif- 
ferent sizes  and  shapes  of  steam-piping,  elbows,  valves,  etc. 
These  are  usually  held  in  place  by  thin  metal  straps,  and  when 
properly  put  on,  and  painted  or  whitewashed,  they  present  a  very 
neat  appearance.  The  covering  may  also  be  applied  in  the  form 
of  plaster. 

Good  pipe  covering  efl"ects  a  very  considerable  saving  by  re- 
ducing condensation.  The  loss  of  heat  varies  with  the  tempera- 
ture (i.e.  steam  pressure),  size  and  position  of  pipe  and  other  con- 
ditions,  being  usually  given  as  400  to  800  heat-units  (Ib.-Fahr.) 
per  square  foot  of  bare  pipe.  The  use  of  covering  saves  from 
80  to  90  per  cent  of  this  loss,  depending  upon  the  thickness  and 
nature  of  the  material. 

For  more  detailed  facts  regarding  steam-piping,  see  The 
American  Electrician  of  1902  and  1903,  which  contains  a  series  of 
articles  describing  electrical  stations,  the  arrangement  of  boilers, 
engines,  and  piping  being  made  a  prominent  feature.  In  the 
issue  of  December,  1902,  there  is  a  paper  by  H.  G.  Stott  on 
steam  pipe  covering  which  gives  the  results  of  comparative  tests 
on  different  materials.  The  same  subject  is  discussed  by  G.  H. 
Barrus  in  the  Trans,  Am,  Soc,  Mech,  Eng,^  May,  1902. 

Steam-Separators. — It  is  of  the  utmost  importance  that  steam 
supplied  to  an  engine  should  be  as  dry  as  possible.  The  signifi- 
cance of  this  is  that  steam  or  any  other  true  vapor  is  made  up  of 
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separate  molecules,  and  is  as  transparent  as  air  ;  but  if  small  par- 
ticles of  water  are  present  which  have  either  been  condensed  or 
have  not.  been  evaporated,  then  it  contains  a  larger  amount  of 
water  than  saturated  vapor  at  that  temperature  and  pressure.  It 
then  becomes  cloudy,  since  the  particles  of  water  that  are  pres- 
ent, though  very  small,  are  infinitely  large  compared  to  a  mole- 
cule, and  they  intercept  or  reflect  light.  Tests  of  the  percentage 
of  moisture  in  steam,  which  usually  varies  from  1  to  10  per  cent, 
can  be  made  in  various  ways,  a  thorough  method  being  described 
in  the  report  of  a  committee  on  boiler  tests  in  Volume  VI.  of  the 
Transactions  of  the  American  Society  of  Mechanical  Engineers  ; 
but  this  is  rather  too  elaborate  and  difficult  for  ordinary  work. 
A  simple  method  to  approximately  determinate  the  dryness  of 
steam  consists  in  allowing  a  small  jet  to  escape,  and  if  it  is 
transparent  close  to  the  orifice,  or  even  a  grayish-white  color, 
the  excess  of  moisture  is  probably  less  than  1  per  cent.  If  the 
jet  is  strongly  white  close  to  the  orifice,  the  excess  of  water  is 
probably  2  per  cent,  or  more.  In  making  this  test  the  steam 
should  not  be  allowed  to  travel  far  in  a  naked  pipe,  because  it 
tends  to  be  condensed.  Steam  containing  not  more  than  3 
per  cent  of  moisture  is  considered  fairly  **  dry."  The  objections 
to  wet  steam  are  that  it  introduces  water  into  the  cylinder,  which 
might  wreck  the  engine  ;  it  also  increases  cylinder  condensation, 
and  reduces  the  efficiency  and  output  of  the  engine.  It  is  there- 
fore a  requirement  of  a  good  steam-boiler  that  it  should  produce 
steam  which  is  as  dry  as  possible.  This  is  secured  by  proper 
design,  being  largely  dependent  upon  an  ample  surface  for  the 
disengagement  of  steam,  and  a  sufficient  steam  space  or  reservoir 
in  the  boiler.  If  steam  rises  from  a  surface  of  water  with  a  veloc- 
ity greater  than  2^  to  3  feet  per  second,  it  carries  water  with  it 
in  the  form  of  spray.  This  velocity  may  be  calculated  by  divid- 
ing the  total  volume  in  cubic  feet  per  second  of  steam  produced 
by  the  total  surface  in  square  feet  from  which  it  rises.  When 
the  boiler  throws  a  large  amount  of  water  into  the  steam  it  is 
called  **  priming,"  and  may  be  due  to  impure  water  that  forms 
bubbles  and  foam,  improper  design  of  the  boiler,  or  too  high  a 
water-level,  which  latter  will  reduce  the  steam  space  and  bring 
the  surface  too  near  the  outlet. 
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The  best  way  to  obtain  dry  steam  is,  of  course,  to  have  the 
boiler  generate  it  in  the  first  place  ;  but  in  case  the  boiler  gives 
wet  steam,  either  from  improper  design  or  impure  water,  or 
because  it  happens  to  be  working  badly  (which  might  occur  in 
almost  any  boiler),  then  it  is  very  important  to  remove  the 
water  from  the  steam  before  it  enters  the  cylinder.  There  is  also 
some  condensation  of  steam  in  the  piping,  especially  if  the 
engines  are  not  very  close  to  the  boilers.  The  means  ordinarily 
employed  to  eliminate  water  from  steam  consists  of  a  steam- 
separator.  An  efficient  one,  of  the  centrifugal  type,  is  shown  in 
Fig.  25.     The  principle  of  this  and  other  separators  is  to  intcr- 


f/g.  25.    O*  Ryeke  Steani'^eparator, 


rupt  the  direct  flow  of  the  steam  and  give  the  particles  of  mois- 
ture an  opportunity  to  settle  and  collect  in  a  receptacle.  The 
curve  blades  shown  are  designed  to  facilitate  the  separation  by 
throwing  the  moisture  particles  against  the  sides  of  the  vessel 
by  centrifugal  force.  Steam -separators  should  be  placed  as  near 
as  possible  to  the  steam  inlet  of  the  engine. 

Management  of  Boilers. — Steam  boilers,  being  the  most  im- 
portant and  most  dangerous  element  in  an  electric  lighting  plant, 
should  receive  the  greatest  possible  care,  and  particular  atten- 
tion should  be  given  to  the  following  points,  to  insure  safety  : 

Safety-  Valves. — These  should  be  of  ample  size,  and  in  per- 
fect working  order.  Neglect  or  overloading  might  lead  to  the 
most  disastrous  results.  They  should  be  tried  at  least  once  every 
day,  to  see  that  they  act  freely. 
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Pressure-Gauge,  —  This  must  be  absolutely  accurate ;  and  if 
there  is  the  slightest  doubt  about  it,  it  should  be  compared  with 
a  standard  gauge.  It  should  stand  at  zero  when  the  pressure  is 
oflF,  and  should  show  the  same  pressure  as  that  for  which  the 
safety-valve  is  set,  when  the  latter  is  blowing  off. 

Water-LeveL  —  The  engineer  should  make  absolutely  sure  that 
the  water  is  at  the  proper  height  in  starting  up,  or  at  the  begin- 
ning of  each  watch.  The  glass  gauges  should  not  be  relied  upon 
entirely;  but  the  gauge-cocks  should  be  tried,  because  the  pas- 
sages in  glass  gauges  are  apt  to  become  clogged  and  give  a  false 
indication  of  the  height  of  the  water,  which  might  be  much  lower 
or  higher  than  that  in  the  glass  tube. 

Low  Water,  —  In  case  the  water-level  falls  too  low  in  the 
boiler,  immediately  cover  the  fire  with  ashes  (wet  if  possible)  or 
earth.  If  nothing  else  is  handy,  use  fresh  coal,  taking  great  care, 
however,  to  put  on  a  sufficient  amount  to  deaden,  and  not  to 
increase,  the  fire.  Draw  the  fire  as  soon  as  it  can  be  done  with- 
out increasing  the  heat.  Do  not  turn  on  the  feed-water,  start  or 
stop  the  engine,  or  lift  the  safety-valve,  until  the  fires  are  out  and 
the  boiler  cooled  down. 

Blisters  and  Cracks,  —  Either  are  likely  to  develop  even  in  the 
best  plate-iron  ;  but  at  the  first  indication  they  should  be  carefully 
examined,  and  the  boiler  put  out  of  service  and  repaired. 

Fusible  Plugs,  —  If  used,  these  should  be  examined  when  the 
boiler  is  cleaned,  and  carefully  scraped  clean  on  both  the  water 
and  fire  sides. 

The  attention  required  to  secure  economy  is  as  follows  :  — 

Firing,  —  The  coal  should  be  thrown  on  evenly  and  regularly, 
a  little  at  a  time.  Moderately  thick  fires  are  most  economical, 
but  thin  fires  must  be  used  when  the  draught  is  poor.  The 
grate  should  be  kept  evenly  covered,  and  no  air-holes  in  the  fire 
allowed  to  form. 

Cleaning, — All  heating-surfaces  must  be  kept  clean  inside  and 
out,  to  avoid  serious  waste  of  fuel.  The  frequency  of  cleaning 
depends  upon  the  nature  of  fuel  and  water.  As  a  rule,  not  over 
xV  or  4  inch  of  scale  or  soot  should  be  permitted  to  collect  on 
the  surfaces  before  cleaning. 

Foaming  and  Priming,  —  This  can  usually  be  checked  by  redu- 
cing the  outflow  of  steam,  or  by  decreasing  the  draught  of  the 
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fires.  Slightly  opening  the  blow-off  and  increasing  the  feed  will 
remove  impure  water.  The  water-level  may  be  lowered  if  high 
enough  to  permit  of  it. 

Blowing  off,  —  If  feed-water  is  muddy  or  salt,  blow  off  a  por- 
tion frequently,  according  to  condition  of  the  water.  The  boiler 
should  be  emptied  every  week  or  two,  and  filled  up  entirely  fresh  ; 
but  the  boiler  should  not  be  emptied  while  the  brickwork  is  hot. 

Durability,  —  Deterioration  or  injury  to  boilers  is  avoided  by 
general  care;  certain  special  points  may  be  noted:  Cold  water 
should  not  be  put  into  a  hot  boiler;  dampness  should  not  be 
allowed  on  the  outside  of  the  boiler,  as  it  tends  to  corrode  and 
weaken  it ;  the  boiler  should  not  be  fired  up  too  rapidly  or  too 
intensely.  If  a  boiler  is  not  required  for  some  time,  it  should  be 
emptied  and  dried  thoroughly.  If  this  cannot  be  done,  it  should 
be  filled  with  water,  into  which  is  put  a  quantity  of  common 
washing-soda. 

Testing  Steam-Boilers.  —  Tests  of  steam-boilers  *  are  made  to 
determine  the  quantity  and  quality  of  steam  that  they  supply, 
the  weight  of  fuel  required  to  produce  a  certain  amount  of 
steam,  and  other  similar  facts.  A  boiler-test  requires  consider- 
able knowledge,  care,  and  skill,  as  well  as  accurate  apparatus. 

The  principal  points  to  be  ascertained  and  noted  in  a  boiler-test  are :  — 

1.  The  type  and  dimensions  of  the  boiler,  including  the  area  of  heating- 
surface,  steam  and  water  space,  area  of  water  surface,  and  draft  area  through 
or  between  tubes  or  flues. 

2.  The  kind  and  size  of  furnace ;  area  of  grate,  with  proportion  of  air-spaces 
in  it,  height  and  size  of  chimney,  length  and  area  of  flues. 

3.  Kind  and  quality  of  fuel,  and  amount  of  ash  and  water  therein.  The 
latter  is  a  more  important  item  than  is  generally  understood,  as  it  not  only 
adds  to  the  weight  without  increasing  the  value  of  the  fuel,  but  the  heat  taken 
to  evaporate  and  send  the  steam  up  the  chimney  in  a  highly  superheated  condi- 
tion adds  to  the  unobserved  waste. 

4.  Temperatures  of  external  air,  of  fire-room,  of  chimney  gases,  of  fuel, 
of  water,  and  of  steam. 

6.   Pressures  of  the  steam,  of  barometer,  and  of  draught  in  chimney. 

6.  Weights  of  feed-water,  of  fuel,  and  of  ashes.  Water-meters  are  not 
reliable  as  an  accurate  measure  of  feed-water. 

7.  Time  of  starting  and  of  stopping  test,  taking  care  that  the  observed 
conditions  are  the  same  at  each  as  far  as  possible. 

♦  This  subject  will  be  found  very  fully  treated  in  the  report  of  a  committee  to  the 
American  Society  of  Mechanical  Engineers,  and  the  discussions  on  the  same.  Transac- 
tions A,  S,  M,  E,f  vol.  XX. 
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8.  The  quality  of  the  steam,  whether  **  wet,"  *'  dry,"  or  **  superheated." 

From  these  data  all  the  results  can  be  calculated,  giving  the  economy  and 
capacity  of  the  boiler,  and  the  sufficiency  or  insufficiency  of  the  conditions,  for 
obtaining  the  best  results. 

The  amount  of  water  evaporated  per  pound  of  coal  is  universally  conceded 
to  be  the  proper  measure  of  the  efficiency  of  a  boiler ;  but  in  order  to  compare 
one  boiler  with  another,  each  should  have  equally  good  coal,  be  fed  with  water 
at  the  same  temperature,  and  furnish  steam  at  the  same  pressure.  As  this  is 
impracticable  in  testing,  a  standard  has  been  accepted  to  which  all  tests  should 
be  brought  for  comparison.  This  is  called  the  *•  equivalent  evaporation  from 
and  at  212°''  per  pound  of  combustible;  that  is,  what  the  evaporation  would 
have  been  if  the  coal  had  been  without  ash,  the  feed-water  at  boiling-pointr 
and  the  steam  delivered  at  atmospheric  pressure. 

It  may  be  determined  by  the  following  formulae :  — 

Let  W  =B  the  observed  evaporation  per  lb.  of  combustible. 
/     =  the  observed  temperature  of  feed. 
T    =  the  temperature  of  steam  at  observed  pressure. 
H    =  the  total  heat  of  steam  at  the  observed  pressure. 
W  =  equivalent  evaporation  from  and  at  212^. 
W'=  ^/l+0-3(r-212)  +  (212-/)\ 

\  9B6  y 

The  value  of  7*  and  ffxoAy  be  found  in  the  table  on  page  92. 

Steam-Boiler  Economy.  —  Correct  design,  construction,  and 
management  of  the  boiler-plant  is  a  most  important  item  in  an 
electric-light  station.  Forcing  the  boilers  beyond  their  capacity, 
wastefulness  in  the  use  of  coal,  or  other  such  loss,  might  result 
in  the  financial  ruin  of  the  entire  enterprise.  On  the  other 
hand,  raising  the  evaporation  from  7  to  8  lbs.  of  water  per  lb. 
of  coal,  represents  a  saving  of  about  14  per  cent,  which  would 
warrant  an  expenditure  for  improvements  equal  to  one  year's 
coal-bill,  since  it  would  pay  14  per  cent  on  the  investment. 

Claims  are  often  made  as  high  as  11  or  12  lbs.  of  water  evapo- 
rated per  lb.  of  coal;  but  in  regular  practice  it  is  difficult  to  do 
better  than  10  lbs.,  and  even  9  lbs.  is  a  very  good  ordinary  result. 

Boilers  are  rated  on  the  basis  of  30  lbs.  of  water  evaporated 
per  H.P.-hour,  at  70  lbs.  pressure,  feed-water  being  100°  F. ;  but 
this  rating  is  nominal  because  good  engines  do  not  require  so 
much.  Under  very  favorable  conditions  the  best  engines  consume 
only  10  lbs.  of  steam  per  H.P.-hour  and  12  lbs.  in  regular  service. 
Assuming  that  15  lbs.  can  be  realized  in  good  practice,  the  actual 
H.P.  of  a  boiler  is  twice  the  rated  value. 
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CHAPTER   X. 

8TBAM-BNOINXI8    FOR   BLBCTRIC    UOHTINO.      GEHBRAL 
CONSTRUCTION. 

Classification.  —  Engines  may  be  divided  into  various  classes 
for  convenience  of  reference,  according  to  their  form,  action,  or 
purpose.  For  example,  engines  are  either  horizontal,  vertical^  or, 
in  rare  instances,  inclinedy  according  to  the  position  of  the  cylin- 
der or  cylinders. 

An  important  distinction,  particularly  in  engines  used  for 
electric  lighting,  exists  between  low-speed  and  high-^peed  engines. 
It  is  impossible  to  draw  a  definite  line  between  the  two  classes ; 
but  in  a  general  way  it  may  be  said  that  low-speed  engines 
usually  run  at  less  than  150  revolutions  per  minute,  the  ordinary 
speed  being  from  50  to  100,  whereas  the  customary  rate  of 
high-speed  engines  is  from  200  to  850  turns  per  minute. 

Engines  may  also  be  divided  into  classes,  depending  upon 
the  important  matter  of  speed  governors.  There  are  throttle 
and  automatic  cut-off  governors.  With  the  former,  the  speed 
is  controlled  by  partially  shutting  off  and  reducing  the  pressure  of 
the  steam  allowed  to  enter  the  cylinder.  In  the  latter,  the  steam 
enters  the  cylinder  at  approximately  the  full  boiler  pressure ;  but 
the  governor  causes  the  supply  to  be  entirely  cut  off  at  a  certain 
fraction  of  the  stroke,  depending  upon  the  speed  of  the  engine. 
Engines  are  divided  into  simple  and  compound^  according  to 
whether  the  steam  expands  completely  in  one  cylinder,  or  par- 
tially expands  in  one  cylinder,  and  then  passes  to  another  cyl- 
inder or  cylinders,  in  which  it  is  further  expanded.  Engines  are 
called  compound^  triple^  or  quadruple  expansion,  according  to 
whether  the  steam  is  expanded  twice,  three  times,  or  four  times, 
respectively. 

GENlSRAIi  OONBTBUCTION  OF  BTSSAM-SNGIinBB. 

The  general  construction  of  steam-engines  will  be  considered 
in  the  present  chapter,  and  then  the  special  discussion  of  the 
various  typical  forms  will  be  taken  up  in  the  next  chapter. 
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The  principal  parts  of  a  steam-engine  are  the  cylinder,  piston, 
piston-rod,  valve,  governor,  mechanism  connecting  the  piston-rod 
and  fly-wheel,  fly-wheel,  bearings,  and  the  base  or  frame  support- 
ing all  these  various  parts. 

The '  Cylinder.  —  This  is  usually  a  simple  cylinder  of  cast 
iron,  accurately  bored  inside,  and  ending  in  faced  flanges,  to 
which  the  ends  or  covers  are  bolted.  Since  the  cylinder  has 
to  withstand  the  internal  pressure  of  the  steam,  it  should  be 
of  sufficient  thickness;  but  usually  its  strength  far  exceeds  that 
required  to  sustain  the  steam-pressure,  for  the  reason  that,  being 
made  of  cast  iron,  it  can  be  quite  thick  without  involving 
any  considerable  expense ;  and  it  is  also  desirable  to  have  it  of 
ample  thickness,  in  order  to  allow  it  to  be  re-bored  when  worn, 
and  to  prevent  it  from  bending  or  warping  to  the  least  extent 
by  the  very  heavy  mechanical  strains  to  which  it  is  subjected. 
One  end  of  the  cylinder  is  provided  with  a  stuffing-box,  which 
allows  the  piston-rod  to  slide  freely  back  and  forth,  but  prevents 
the  steam  from  leaking  out.  At  the  two  extreme  ends  of  the 
cylinder  are  the  ports,  through  which  the  steam  alternately  enters 
and  leaves  the  cylinder.  These  ports  are  connected  by  suitable 
passages  to  the  steam-chest,  in  which  works  the  valve  which 
controls  the  inlet  and  outlet  of  the  steam. 

The  principal  points  to  be  observed  in  designing  steam-cylin- 
ders are,  the  proper  proportions  and  thickness  of  the  various 
parts  to  give  ample  strength,  and  the  perfect  boring  and  fitting 
of  the  same.  The  proper  length  and  diameter  of  the  cylinder 
depend  upon  circumstances,  and  considerable  difference  of  opin- 
ion in  regard  to  this  question  exists  among  authorities  and 
builders.  Ordinarily  the  stroke  of  an  engine  is  from  \\  to  2j 
times  the  diameter  of  the  piston.  The  length  of  the  cylinder 
must,  of  course,  be  equal  to  the  stroke  plus  the  thickness  of 
the  piston  and  the  clearances  at  both  ends.  Usually  the  total 
length  of  the  interior  of  the  cylinder  is  about  twice  the  diameter. 

Sometimes  cylinders  are  "jacketed;"  that  is,  surrounded  with 
a  space  which  is  filled  with  steam  in  order  to  warm  the  cylinder 
itself.  Steam-jackets  are  rarely  used,  however,  except  in  cases 
where  the  steam-pressure,  and  therefore  temperature,  is  very 
high,  or  the  ranges  of  temperature  very  great.  Its  complication 
and  cost  of  construction  are  the  principal  objections  to  it. 
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Some  covering  of  nonconducting  material,  such  as  wood  or 
felt,  called  lagging,  should  be  applied  to  steam-cylinders,  in  order 
to  reduce  the  loss  of  heat,  and  cylinder  condensation. 

The  Piston  is  the  part  which  is  driven  back  and  forth  in  the 
cylinder  by  the  pressure  of  the  steam;  and  from  it  the  entire 
power  of  the  steam  is  obtained,  its  area  multiplied  by  the  steam- 
pressure  per  unit  of  area  being  the  total  pressure  exerted  upon  it. 
If  the  piston  were  driven  by  a  constant  steam-pressure,  it  would 
be  desirable  to  make  it  as  light  as  possible,  to  avoid  wear  and  the 
effect  of  its  inertia  at  the  ends  of  the  stroke.  But  in  all  economi- 
cal engines  the  pressure  varies  greatly,  because  the  steam  is  cut 
off  and  acts  expansively  during  the  greater  part  of  the  stroke  ; 
hence  it  is  customary  to  design  the  piston  to  have  sufficient  weight 
so  that  its  inertia  takes  up  the  excessive  pressure  of  the  steam  in 
the  beginning,  and  gives  up  energy  toward  the  end  of  the  stroke, 
when  the  pressure  is  low,  thus  aiding  the  compression  of  the 
steam  on  the  other  side  of  the  piston.  The  piston  is  made  steam- 
tight  in  the  cylinder  in  various  ways,  the  usual  plan  being  to  sur- 
round it  with  split  rings  of  cast  iron,  steel,  or  gun  metal,  which 
are  made  to  have  a  tendency  to  spring  outward  slightly,  and  thus 
fit  closely  against  the  walls  of  the  cylinder.  Two  or  more  of  these 
rings  are  placed  side  by  side,  and  arranged  so  that  the  joints  are 
not  in  the  same  line.  These  rings  are  held  in  place  by  recesses 
or  grooves  turned  in  the  periphery  of  the  piston.  The  relative 
diameter  and  thickness  of  pistons  depend  on  the  particular  type 
of  engine,  the  advantage  of  a  long  piston  being  that  it  tends  to 
diminish  leakage  and  wear,  and  it  can  be  made  hollow,  so  that  it 
is  not  very  heavy;  but  it  necessitates  an  increase  in  the  total 
length  of  the  cylinder.  The  piston-rod  is  usually  made  of  steely 
and  is  connected  rigidly  to  the  piston  by  a  shoulder  formed  upon 
it,  and  a  nut  at  its  end. 

The  Stuffing-Boz  prevents  the  leakage  of  steam  around  the 
piston-rod.  It  consists  simply  of  a  cylindrical  projection  cast  on 
the  cylinder  cover,  its  internal  diameter  being  somewhat  larger 
than  the  piston-rod  which  it  contains.  The  space  between  is 
filled  with  some  form  of  packing,  which  is  held  in  place  and  ad- 
justed by  a  loose  piece  termed  the  gland.  The  gland  is  attached 
to  a  flange  at  the  outer  end  of  the  stuffing-box  by  suitable  bolts 
and  nuts.     An  almost  infinite  number  of  devices  and  materials 
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have  been  employed  as  packing  in  stuffing-boxes.  The  ordinary 
Idnds  used  are  hemp,  asbestus,  or  some  other  fibrous  material 
mixed  with  tallow,  india  rubber,  etc.,  to  make  it  steam-tight. 
<jrraphite,  fine  particles  or  shavings  of  metal,  and  similar  sub- 
stances, have  also  been  employed  in  packing.  These  soft  pack- 
ings are  usually  applied  either  in  the  form  of  rings  or  rope,  the 
latter  being  wound  spirally  around  the  piston-rod.  Rings  of  Bab- 
bitt or  other  metal  are  also  used.  The  packing  of  the  piston  often 
causes  annoyance,  since  it  is  very  likely  to  be  either  too  tight  or  too 
loose,  and  wears  so  rapidly  that  it  requires  constant  adjustment. 

Valves.  —  The  most  delicate  parts  of  a  steam-engine  are  the 
valves,  and  the  mechanism  which  operates  them.  The  function 
of  the  valves  is  to  control  the  entrance  and  exit  of  the  steam  to 
and  fi-om  the  cylinder,  so  that  each  shall  occur  at  exactly  the  right 
moment,  and  continue  for  exactly  the  proper  period  of  time. 
Four  kinds  of  valves  are  very  commonly  used  in  steam-engines, 
these  being  ordinary  flat  slide  valves,  cylindrical  slide  or  piston 
valves y  rotary  valves,  and  poppet  valves.  The  advantage  of  the 
flat  slide  valve  is  that  it  is  readily  fitted,  and  a  certain  amount  of 
wear  can  occur  without  causing  leakage  or  requiring  refitting.  It 
has  the  disadvantage,  however,  that  it  is  difficult  to  balance; 
that  is  to  say,  the  steam  tends  to  force  it  against  its  seat  with 
excessive  pressure.  The  advantages  of  the  piston  valve  are  that 
it  is  easily  balanced,  so  that  the  pressure  caused  by  the  steam  is 
equal  in  all  directions;  and  for  a  given  sized  valve  a  large  open- 
ing of  port  is  obtained  with  a  small  motion,  since  the  port  can 
extend  all  the  way  around.  The  objection  to  a  piston  valve  is 
the  fact  that  wear  makes  it  smaller  than  the  cylinder  in  which  it 
works,  so  that  it  is  apt  to  leak.  There  are  three  methods  of  re- 
fitting: a  new  and  larger  piston;  the  valve-seat  bored  out  and  a 
bushing  inserted  which  fits  the  worn  piston ;  or  a  special  device 
provided  to  take  up  the  wear.  In  the  Mackintosh  and  Seymour 
horizontal,  high-speed  engine  the  seat  is  split  and  can  be  con- 
tracted by  an  adjusting-screw  (page  169).  The  rotary  valve  has 
advantages  similar  to  those  of  the  piston  valve ;  in  fact,  an  even 
smaller  motion  will  cause  a  large  opening  of  the  port,  but  it  is 
also  difficult  to  adjust  for  wear.  Rotary  valves  have,  however, 
long  been  used  very  successfully  in  the  Corliss  types  of  engine. 

Valve   Gear. — The    valves    are    caused   to  open   and  close  in 
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almost  all  types  of  engines  by  one  or  more  eccentrics  placed  upon 
the  main  shaft  of  the  engine.  The  eccentric  is  practically  a  form 
of  crank  with  the  crank-pin  enlarged  sufficiently  to  include  the 
main  shaft  within  its  section.     It  ordinarily  consists  of  a  sheave 

MOTION  OF  VALVE 


LNDICATOR  DIAGRAM. 
F/g.  20.    Action  of  Value  and  Steam. 


or  disk  of  cast  iron  surrounded  by  a  strap  or  ring  which  connects 
it  with  the  eccentric  rod,  the  latter  being  connected  directly  or 
indirectly   to   the  valves.     When   the   main   shaft  revolves,  the 
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eccentric  automatically  opens  and  closes  the  valve.  It  is  possible 
by  one  simple  eccentric  and  slide-valve  to  obtain  quite  a  perfect 
action  of  steam  in  the  cylinder.     This  is  done  by  proportioning 
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FI9.  27,  IMOA  of  Valv. 


and  adjusting  the  position  and  throw  of  the  eccentric,  and  the  rela- 
tive widths  of  the  ports  and  faces  of  the  valve,  in  such  a  way  that 
the  valve  opens  slightly  just  before  the  commencement  of  each 


EXHAUST 
Fig.  28,    Lap  of  Volvo. 

Stroke,  in  order  to  obtain  full  pressure  in  the  cylinder.  The 
amount  of  this  opening,  called  the  leady  is  secured  by  setting  the 
eccentric  a  little  more  than  90*^  in  advance  of  the  crank,  as  repre- 
sented in  Fig.  27.  The  faces  of  the  valve  are  also  made  wider 
than  the  steam-port,  so  that  when  the  valve  is  in  its  middle  posi- 
tion it  overlaps  the  edges  of  the  port,  as  represented  in  Fig.  28. 
In  this  way  the  steam  is  cut  off  before  the  end  of  the  stroke,  and 
then  acts  expansively,  which  is  necessary  to  obtain  economy.  The 
width  of  the  overlap  on  the  steam  or  induction  edge  A,  of  the 
valve,  is  called  the  outside  lapy  and  that  on  the  exhaust  or  eduction 
edge  B,  of  the  valve,  the  inside  lap.  The  former  is  usually  made 
greater  than  the  latter,  as  indicated  in  Fig.  28,  in  order  that  the 
port  shall  open  sooner  and  more  widely  to  exhaust  than  to  take 
steam,  which  diminishes  the  back  pressure.  In  other  words,  it 
is  obviously  objectionable  to  limit  the  outlet  of  the  steam  in  the 
same  manner  as  the  inlet.  The  outside  lap  necessitates  a  still 
further  angular  advance  of  the  eccentric,  with  respect  to  the 
crank,  in  order  to  open  the  valve  at  the  beginning  of  the  stroke, 
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as  shown  in  Fig.  27.  It  is  customary,  particularly  in  high-speed 
engines,  to  close  the  exhaust  a  little  before  the  end  of  the  stroke, 
and  obtain  what  is  called  compression,  or  cushioning,  which  tends 
to  relieve  the  shock  due  to  reversing  the  motion  of  the  piston 
and  other  parts.  This  also  raises  the  steam  remaining  in  the 
cylinder  to  a  pressure  similar  to  that  of  the  boiler,  thus  avoid- 
ing the  impact  which  would  occur  if  high-pressure  steam  were 
suddenly  admitted  to  a  space  having  a  pressure  only  equal  to 
that  of  the  atmosphere.  In  Fig.  26,  the  position  and  action  Of 
the  valve  is  represented  in  the  circle  above,  and  the  action  of  the 
steam  in  the  cylinder  is  shown  in  the  indicator  diagram  below.  A 
study  and  comparison  of  these  will  give  a  clear  idea  of  the  princi- 
ples of  valve-action  and  steam-distribution  in  engines.  The  ordi- 
nary slide-valve,  considering  its  simplicity,  gives  a  remarkably 
good  action  of  the  steam  in  the  cylinder ;  but  to  obtain  a  really 
perfect  effect,  and  to  cause  the  admission,  cutting  off,  and  the 
release  of  the  steam,  as  well  as  the  closing  of  the  exhaust,  each 
to  occur  at  the  proper  instant,  and  to  enable  them  to  be  indepen- 
dently adjusted,  it  is  desirable  to  separate  the  valve  functions  of 
admission  and  exhaust  of  steam.  This  can  be  done  by  the  use 
of  two  valves  driven  by  separate  eccentrics,  one  acting  in  the 
ordinary  way  to  control  the  general  distribution  of  the  steam,  and 
the  other  operating  to  cut  off  the  steam  at  the  proper  point,  or 
by  the  use  of  three  or  four  separate  valves,  each  performing  one 
or  more  of  the  functions  of  the  single  valve  described  above. 

The  special  forms  of  valve-gear  for  obtaining  economy,  regula- 
tion, and  other  effects  in  the  working  of  steam-engines,  are  best 
described  in  connection  with  the  various  types  of  engines  which 
have  been  developed  as  a  result  of  years  of  experience,  and  in 
which  the  valve  mechanism  is  the  most  important  and  distinctive 
feature.     These  are  given  in  the  next  chapter. 

The  Governor.  —  An  engine  which  always  works  with  a  con- 
stant load  would  have  a  constant  speed,  provided  the  steam- 
pressure  did  not  vary.  In  practice,  however,  the  load  on  a 
steam-engine  changes  from  time  to  time ;  and  in  electric  lighting, 
although  these  changes  are  rarely  sudden,  nevertheless  they  are 
very  great,  since  the  number  of  lights  in  the  daytime  may  be  very 
small,  and  in  the  early  evening  the  engine  may  have  to  carry  its 
full  rated  load.     The  fly-wheel,  which  will  be  discussed  later,  acts 
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to  prevent  sudden  or  transient  changes  in  speed  due  to  variations 
in  the  load  on,  or  power  of,  the  engine  during  a  single  stroke; 
but  something  is  required  to  regulate  for  changes  in  load  that  are 
permanent,  or  at  least  last  for  several  strokes. 

The  device  used  to  secure  this  control  of  speed  is  called  a 
governor ;  and  it  acts  either  to  regulate  the  supply  of  steam  by 
changing  the  opening,  to  a  greater  or  less  extent,  of  a  valve  in 
the  main  steam-pipe,  or  by  automatically  changing  the  point  in  the 
stroke  at  which  the  steam  is  cut  off.  These  two  types  are  called, 
respectively,  throttle  and  automaitc  cut-off  governors;  and  either 
of  them  requires  to  be  adjusted  to  admit  just  sufficient  steam  to 
give  the  power  necessary  to  maintain  practically  the  same  speed, 
whatever  the  load  may  be.  The  throttle  governor  was  the  only 
one  employed  up  to  the  time  when  Corliss  invented  and  introduced 
his  remarkable  automatic  cut-off  valve-gear,  that  is  universally 
regarded  as  one  of  the  greatest  improvements  in  steam-engines 
since  the  time  of  Watt,  and  which  to  this  day  is  used,  with  only 
slight  modifications,  in  many  of  the  largest  and  best  stationary 
engines  in  America  and  Europe. 

The  throttle  type  of  governor  is  not  usually  considered  desir- 
able in  this  country,  except  in  small  or  unimportant  engines.  It 
has  the  defect  that  it  acts  to  destroy  a  portion  of  the  pressure  of 
the  steam,  or  **  wire-draw"  it.  This  tends  to  reduce  the  effi- 
ciency of  the  engine ;  but  the  superheating  of  the  steam  which 
results  from  its  being  **  wire-drawn  "  through  the  throttle-valve 
almost  makes  up  for  the  loss  of  pressure  by  diminishing  cyh'nder 
condensation.  The  Willans  engine  (see  next  chapter),  which  is 
very  commonly  used  in  English  lighting-plants,  and  to  a  certain 
extent  also  in  this  country,  has  a  simple  throttle  governor. 
It  is  claimed  that  this  engine  gives  economical  results  in 
actual  use  that  are  fully  equal  to,  if  not  better  than,  those 
obtained  by  automatic  cut-off  engines,  probably  because  the  loss, 
due  to  diminished  pressure,  is  partly  offset  by  the  gain  due  to 
superheating,  as  already  stated.  Furthermore,  stations  employing 
Willans  engines  usually  subdivide  the  power  into  a  number  of 
units,  only  a  sufficient  number  of  engines  being  run  to  properly 
carry  the  load,  thus  making  it  unnecessary  to  throttle  the  steam- 
supply,  since  the  engines  are  almost  always  running  at  or  near 
full  load,  and  the  governors  only  require  to  regulate  for  small 
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fluctuations.  Willans  engines  are  compound  or  triple  expansion, 
which  also  tends  to  make  them  economical.  An  automatic  cut- 
off governor,  on  the  other  hand,  allows  the  steam  to  enter  the 
cylinder  at  full  pressure  for  a  certain  fraction  of  a  stroke,  and 
then  the  steam  is  suddenly  cut  off.  This  is  theoretically  and 
practically  a  more  economical  use  of  steam,  and  would  seem  to 
be  very  important  in  engines  working  at  light  load  for  any 
considerable  portion  of  the  time.  But,  unfortunately,  cylinder 
condensation  (described  later  in  the  present  chapter)  causes  great 
losses,  particularly  with  an  early  cut-ofF,  which  the  superheat- 
ing due  to  throttling  reduces,  as  we  have  seen ;  consequently, 
the  automatic  cut-off  is  not  so  much  better  than  the  throttle 
governor  as  it  has  generally  been  supposed  to  be. 

The  throttle  governor  is  simple  in  construction,  consisting 
usually  of  two  weights  suspended  from  a  vertical  spindle  caused 
to  revolve  by  connecting  it  with  the  main  shaft  through  gearing 
or  belting.  When  the  speed  rises  above  the  proper  point,  the 
weights  fly  out  by  centrifugal  force,  which  partially  shuts  the  valve 
in  the  steam-pipe  by  means  of  levers  and  rods.  In  the  Willans 
Engine  (Fig.  56)  the  governor  is  mounted  directly  on  the  shaft. 

The  automatic  cut-off  governor  exists  in  many  different  forms, 
which,  however,  may  be  arranged  in  two  classes  similar  to  the 
foregoing.  First,  those  in  which  the  cut-off"  is  controlled  by  a 
centrifugal  governor  with  a  vertical  spindle,  Corliss  engines  being^ 
of  this  type.  Second,  those  forms  of  governor  which  are  mounted 
upon,  and  revolve  with,  the  main  shaft  of  the  engine,  and  are 
called  shaft-governors.  This  latter  type  has  several  very  impor- 
tant advantages ;  being  carried  by  the  main  shaft,  it  does  not 
have  to  be  driven  by  belting  or  gearing,  which  involves  compli- 
cation, indirectness,  is  more  or  less  unsightly,  and  likely  to  fail 
and  allow  the  engine  to  race.  The  shaft-governor,  being  upon 
the  shaft,  is  directly  connected  to  the  eccentric,  and  thereby  con- 
trols the  action  of  the  valve  effectively  and  conveniently ;  but  a 
shaft-governor  requires  a  considerable  speed  of  rotation  in  order 
to  give  sufficient  centrifugal  force  to  operate  it,  and  is  therefore 
only  applicable  to  high-speed  engines  of  200  or  more  revolu- 
tions per  minute.  The  shaft-governor  contributes  more  than 
any  other  element  to  the  compactness,  perfection  of  regulation, 
and  general  success  of  the  high-speed  automatic  cut-off  engines 
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which  have  been  so  very  extensively  used  for  electric  lighting 
in  America,  and  are  so  convenient  for  small  plants. 

Any  form  of  governor  in  order  to  give  perfect  regulation, 
that  is,  maintain  a  constant  speed,  must  be  designed  in  accor- 
dance with  certain  mechanical  principles.  The  general  condition 
to  be  fulfilled  is  that  the  governor  must  move  from  one  limit 
of  its  throw  to  the  other  with  a  very  small  change  in  speed, 
usually  about  1  or  2  per  cent.  This  requires  that  the  centrifugal 
force  shall  be  practically  equal  to  the  force  due  to  the  spring  or 
"Weight  which  opposes  the  centrifugal  force ^  in  every  position  of  the 
governor-weights,  A  governor  of  this  sort  is  cil^'^A  isochronous^ 
since  it  will  only  run  at  one  speed ;  and  the  slightest  excess  of 
speed  will  cause  the  weights  to  fly  out  to  their  extreme  limit, 
and  either  throttle  or  cut  ofif  the  steam,  so  as  to  bring  the  speed 


CENTRIFUGAL^ 
FORCE 


Fig.  29.    Thwrgtfcal  Parabolle  Booernor. 


Fig.  80.    Practical  Booernor. 


down  again  to  its  normal  value.  Theoretically,  if  the  weights 
move  in  the  arc  of  a  parabola,  as  represented  in  Fig.  29,  the 
effect  of  the  centrifugal  force  and  gravitation  is  exactly  balanced 
at  every  point  for  a  certain  speed.  In  practice  it  would  be  diffi- 
cult to  arrange  the  weights  to  move  in  a  path  of  this  form ;  and 
they  are  therefore  suspended  by  an  arm  from  a  pivot,  and  move 
in  the  arc  of  a  circle,  CCC,  which  is  made  to  approximate  as 
closely  as  possible  to  the  ideal  parabola,  PPP,  as  indicated  in 
Fig.  30.  As  a  matter  of  fact,  the  difference  is  less  than  that 
shown  in  the  figure,  and  the  arc  of  motion  is  also  less ;  indeed, 
it  is  probably  better  than  if  the  ideal  curve  could  be  attained, 
since  a  governor  which  is  perfectly  isochronous  would  be  too 
sensitive,  tending  to  shift  back  and  forth  from  one  end  of  its 
path  to  the  other. 
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''Hunting''  of  Engine-Governors. — The  motion  of  governors 
which  is  called  **  hunting  '*  is  usually  caused  by  the  fact  that  the 
forces  are  adjusted  for  nearly  perfect  synchronism,  and  if  the 
speed  increases,  the  friction  and  inertia  of  the  parts  prevent  them 
from  acting  instantly ;  but  when  the  governor  does  act,  it  flies  to 
the  limit  of  its  range,  and  thereby  reduces  the  supply  of  steam 
and  the  speed  more  than  it  should.  The  converse  of  this  action 
then  takes  place,  and  so  on,  thus  causing  objectionable  fluctuations 
in  speed.  Two  or  more  engines  driving  alternating  current- 
generators  in  parallel  are  particularly  likely  to  "hunt,"  due  to 
surging  of  the  current.  This  matter  is  discussed  in  several  papers 
read  before  the  American  Institute  of  Electrical  Engineers,  Oct. 
25,  1901.  Various  methods  of  overcoming  the  difficulty,  which 
is  sometimes  very  serious,  are  there  considered.  The  simplest 
way  to  prevent  hunting  of  an  engine-governor  is  to  provide  it 
with  a  dashpot,  in  order  to  make  the  motion  of  the  governor 
gradual  and  steady.  If  the  governor  is  too  small,  the 
force  which  it  exerts  is  not  sufficient  to  affect  the  valve  until 
the  speed  has  changed  considerably,  which  would  also  cause 
hunting.  This  is  avoided  by  making  both  the  centrifugal  force 
of  the  governor-weights,  and  the  force  which  balances  it,  great, 
so  that  a  small  percentage  of  difference  between  them  will  have 
considerable  actual  value. 

For  example,  if  the  centrifugal  force  of  the  weights  at  the 
proper  speed  is  1,000  lbs.,  and  it  is  exactly  balanced  by  the 
force  of  a  large  spring,  then  a  variation  of  1  per  cent  in  speed 
will  cause  a  change  of  about  2  per  cent  in  centrifugal  force, 
which  gives  an  effective  force  of  20  lbs.  to  cause  the  action  of 
the  governor.  The  tendency  to  hunting  is  usually  greater  at 
very  light  loads  than  at  half  load  or  more,  the  effect  of  the  load 
being  to  steady  the  governor. 

Another  method  of  securing  considerable  force  to  control 
the  valves  is  to  adopt  some  relay  arrangement ;  that  is,  the 
governor  proper  merely  puts  a  screw  or  hydraulic  mechanism 
into  action.  In  this  way  the  governor  itself  may  be  made  small 
and  with  little  friction ;  at  the  same  time  the  force  which  actu- 
ally regulates  the  valve  may  be  considerable.  A  device  of  this 
class  is  employed  to  govern  the  speed  of  the  Curtis  steam  turbine 
made  by  the  General  Electric  Company  and  described  at  the  end 
of  Chapter  XI. 
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If  a  spring  be  employed  to  give  the  centripetal  force  which 
holds  the  governor-weights  from  flying  out,  isochronism  may  be 
obtained  by  adjusting  the  length,  tension,  and  angle  of  the 
spring  so  as  to  balance  approximately  the  centrifugal  force  in 
all  positions.  This  can  be  applied  either  to  the  ordinary  verti- 
cal form  of  governor,  or  to  a  shaft-governor,  the  latter  being 
always  made  in  this  way. 

The  general  principle  of 
these  latter  governors  is 
shown  in  Fig.  31,  in  which 
FF  is  the  fly-wheel,  rotat- 
ing on  the  shaft  A.  The 
governor-weight  W  is  piv- 
oted so  that  it  swings  out 
in  practically  a  radial  line 
from  the  center  of  the  fly- 
wheel. The  spring  5  is 
adjusted  so  that  at  the  in- 
nermost position  of  the 
weight  the  spring  tension 
is  exactly  equal  to  the  cen- 
trifugal force  at  the  correct  speed.  The  length  of  the  spring  must 
then  be  such  that  its  tension  increases  directly  as  the  distance  of 
the  weight  from  the  center  increases ;  that  is,  when  the  weight 
flies  out  to  a  position  indicated  by  the  dotted  lines,  and  is  twice 
as  far  from  the  center,  the  tension  of  the  spring  will  then  be 
doubled:  and  since  centrifugal  force  increases  directly  with  the 
radius  at  a  constant  speed,  it  follows  that  the  centrifugal  force 
and  spring  tension  will  always  be  balanced  at  that  particular 
speed.  But  if  the  latter  falls  even  slightly,  the  centrifugal  force 
is  less  than  that  of  the  spring  in  every  position,  and  the  weights 
move  all  the  way  inward,  causing  the  valve  to  admit  more  steam, 
thus  keeping  up  the  speed,  or  vice  versa.  Actual  forms  of  gover- 
nors are  shown  in  Figs.  48,  54,  and  other  illustrations  of  Chap.  XI. 

Dynamometric  Governors  in  which  the  steam-supply  is  regu- 
lated in  proportion  to  the  load  transmitted  have  also  been  used. 
These  are  theoretically  more  perfect  than  a  centrifugal  governor, 
since  the  latter  requires  a  change  of  speed  in  order  to  act,  and 
therefore   permits   the  very   thing    it   is   intended   to   prevent; 
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nevertheless,  dynamometric  governors  have  not  been  successful, 
probably  for  the  reason  that  they  have  the  inherent  fault  of 
being  in  unstable  equilibrium.  Assume,  for  example,  that  the 
speed  accidentally  increases  slightly  above  the  normal,  as  it  is 
certain  to  do  occasionally,  then  this  excess  of  speed  tends  to 
make  the  resistance  to  rotation  greater ;  that  is  to  say,  it  would 
have  an  effect  similar  to  a  slight  addition  of  load.  This  would 
cause  the  dynamometer  to  increase  the  supply  of  steam,  which 
would  still  further  augment  the  speed,  and  thus  the  trouble 
would  become  aggravated.  It  would  require  a  speed-governor 
as  a  check  on  the  dynamometer,  hence  the  latter  is  superfluous. 

Electromagnetic  Governing  Devices  have  been  applied  to 
steam-engines  with  some  success ;  and  they  would  seem  to  be 
the  best  means  to  regulate  engines  used  for  driving  dynamos, 
since  they  would  enable  the  speed  and  power  of  the  engine  to 
be  directly  controlled  by  the  current  generated,  which  the  steam- 
engine  governor  has  for  its  real  and  ultimate  object.  Such  a 
governor  is  quite  simple  in  principle,  and  consists  of  an  electro- 
magnet or  solenoid  fed  with  current  from  the  dynamo,  which  is 
driven  by  the  engine.  When  the  current  becomes  excessive, 
the  electromagnet  attracts  its  armature  against  the  force  of  a 
spring  or  gravity,  and  the  motion  of  the  armature  operates  the 
valve  by  suitable  mechanism,  reducing  the  supply  of  steam,  and 
thus  bringing  the  speed  and  current  back  to  the  proper  point. 
The  coils  of  the  magnet  can  either  have  a  great  many  turns  of 
fine  wire  connected  in  parallel  with  the  main  circuit,  to  main- 
tain a  constant  potential,  or  they  may  consist  of  a  few  turns  of 
large  wire  connected  directly  in  series  with  the  main  circuit  for 
constant-current  working.  The  device  is  adjusted  by  varying 
the  pull  of  the  weight  or  spring. 

For  a  full  treatment  of  the  theory  and  construction  of  steam- 
engine  governors,  the  reader  is  referred  to  Thurston's  Man- 
ual of  the  Steam  Engine^  Part  II.,  pages  360  to  413.  The 
hunting  of  governed  engines  is  discussed  by  James  Swinburne 
in  a  paper  with  this  title  read  before  the  British  Association, 
Oxford,  1894. 

Connecting-rods  are  used  in  engines  to  connect  the  piston-rod 
with  the  rotating-crank,  and  act  to  convert  the  reciprocating 
motion  of  the  piston  into  the  rotary  motion  of  the  shaft.     They 
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should  be  made  of  steel,  since  they  are  subjected  to  considerable 
strain,  due  to  the  push  and  pull  of  the  piston,  and  in  high-speed 
engines  the  up  and  down  throw  of  the  connecting-rod  tends  to 
bend  it  transversely,  first  one  way  and  then  the  other,  and  some- 
times breaks  it,  causing  a  serious  accident.  For  this  reason 
the  connecting-rods  of  high-speed  engines  are  made  of  rectangu- 
lar cross-section,  the  dimension  in  the  plane  of  its  motion  being 
two  or  three  times  the  other  dimension.  The  length  of  the  con- 
necting-rod is  very  rarely  less  than  twice  or  more  than  three 
times  the  length  of  stroke.  Greater  length  decreases  the  obliquity 
and  the  side-thrust  on  the  cross-head  referred  to  below,  but  it 
makes  the  rod  heavier  as  well  as  weaker.  The  adjustment  of  the 
tightness  of  the  connecting-rod  end  on  the  crank-pin  is  one  of 
the  troublesome  points  in  handling  an  engine.  If  it  is  too  tight, 
the  crank-pin  will  heat ;  and  if  too  loose,  it  will  "  knock,"  due  to 
lost  motion.  A  very  slight  looseness,  with  barely  perceptible 
knocking,  is  safest ;  since  a  hot  crank-pin  is  far  more  objection- 
able than  a  little  noise,  and  it  is  impossible  to  make  the  proper 
adjustment  while  the  engine  is  running. 

Cross-heads  and  Slides.  —  The  cross-head  is  the  name  given 
to  the  part  which  connects  together  the  piston-rod  and  connect- 
ing-rod of  a  steam-engine,  and  moves  back  and  forth  in  the 
slides,  thus  guiding  the  outer  end  of  the  piston-rod. 

In  good  practice  the  rubbing  surface  of  the  cross-head  is 
such  that  if  V  be  the  velocity  (piston  speed)  in  feet  per  minute, 
and  /  be  the  pressure  in  pounds  per  square  inch,  then  *  — 

pV <  60,000,        and       pV>  40,000. 

Piston  speeds  are  usually  between  300  and  800  feet  per  minute, 
and  the  allowable  pressure  is  about  60  pounds  per  square  inch 
for  high-speed  to  150  for  low-speed  engines.  This  /  includes 
the  sum  of  all  the  pressures  forcing  the  two  rubbing  surfaces 
together,  but  is  almost  entirely  due  to  the  thrust  caused  by 
angular  position  of  the  connecting-rod  with  respect  to  the 
piston-rod,  being  zero  when  the  two  are  in  a  straight  line,  and 
a  maximum  when  the  connecting-rod  and  the  crank  are  at 
right  angles.  If  the  engine  turns  "over,"  that  is,  the  crank 
moves  forward   in   the   upper   half   of   its   revolution,   then   the 

♦  Thurston's  Manual  of  the  Steam  Enginiy  Part  II.,  p.  02. 
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pressure  of  the  cross-head  on  the  slides  is  always  downward, 
and  the  surfaces  are  easily  kept  lubricated.  But  if  the  crank 
turns  in  the  opposite  direction,  —  that  is,  the  engine  turns 
"under,"  —  then  this  pressure  is  always  exerted  upward,  which 
renders  lubrication  much  more  difficult,  since  the  oil  tends  to 
run  off  of  the  rubbing  surfaces.  Nevertheless,  on  account  of 
the  belting,*  and  for  other  reasons,  engines  are  sometimes  run 
in  a  left-handed  direction ;  but  it  should  be  avoided  if  possible. 

The  Fly-wheel  has  for  its  object  the  maintenance  of  a 
steady  speed  in  spite  of  the  variations  in  action  which  occur. 
These  variations  are  of  three  general  kinds:  change  in  the 
steam-pressure  due  to  expansion,  variation  in  the  leverage  at 
which  the  piston  acts  on  the  rotating-crank,  and  variations  in 
the  load  on  the  engine. 

In  electric  lighting,  the  two  former  causes  of  variation  must 
be  carefully  guarded  against,  since  even  slight  fluctuations  in 
speed  at  different  parts  of  the  stroke  would  produce  very  disa- 
greeable flickering  in  incandescent  lamps.  This  is  often  per- 
ceptible ;  and  it  is  possible  to  count  the  strokes  of  the  engine 
by  observing  the  lamps  themselves,  or  a  white  surface  placed 
near  them,  the  latter  being  a  more  sensitive  test.  The 
changes  in  load  which  occur  in  electric  lighting  are  gradual  if 
lamps  are  turned  on  and  off  a  few  at  a  time,  as  is  ordinarily 
the  case;  and  the  governor  of  the  engine  acts  to  maintain  a 
nearly  constant  speed.  But  if  a  number  of  lamps  are  suddenly 
lighted,  in  a  theater  for  example,  or  if  a  short  circuit  occurs, 
the  fly-wheel  should  keep  up  the  speed  until  the  governor  has 
time  to  act.  In  practice,  however,  calculations  of  the  size  of 
the  wheel  required  cover  only  the  first  twp  causes  of  variation 
enumerated  above;  since  the  sudden  changes. in  load  are  of  in- 
definite value,  particularly  in  the  case  of  a  short  circuit,  and 
the  fly-wheel  is  only  expected  to  take  care  of  ordinary  fluctua- 
tions of  this  kind. 

The  weight  of  fly-wheel  required  may  be  determined  as 
follows :  — 

N  =  effective  horse-power  of  the  engine. 
n  =  number  of  revolutions  per  minute. 
G  =  weight  of  fly-wheel  rim  in  lbs. 

•  See  Chapter  XV. 
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-     V  =  mean  speed  of  rim  in  feet  per  second. 

1  ^  z/max.-  z/min.  ^  coefficient  of  fluctuation  of  speed. 
d  V 

For  a  single  cylinder  engine  we  have,  G  =  C— r— . 

The  coefficient,  C,  is  dependent  upon  the  point  of  cut-off, 
and  upon  the  ratio  of  the  lengths  of  stroke  and  connecting-rod. 
This  ratio  is  usually  about  §;  and  assuming  this  figure,  we  have 
for  C  the  following  values  :  — 

POINT   OF   CUT-OFF   IN   FRACTIONS   OF   STROKE. 
.10  .16  J)0  .86  .88 

C=  241500        230000         218500         207000  184000 

Fok  electric  light  engines  the  permissible  variation  in  speed 
during  che  stroke  should  not  exceed  1  or  2  per  cent,  hence 
the  val  ;e  of  d  is  50  to  100, 

For  engines  with  two  cylinders,  and  having  cranks  at  90*^, 
the  weight  of  fly  wheel  required  is  only  about  J  as  much  as  in 
single-crank  engines ;  and  for  three-cylinder  engines  with  cranks 
at  120^  it  is  still  less. 

T/ie  sty^^Mgih  of  fly-wlieels  is  a  matter  of  serious  importance, 
since  a  number  o{  them  have  burst  with  disastrous  results  in 
electrical  plants.  These  accidents,  however,  have  been  more 
frequent  in  electric-railway  than  in  electric-lighting  stations. 

In  the  Electrical  World  of  Oct.  21,  1893,  p.  306,  an  account 
is  given  of  tl\e  bursting  of  a  fly-wheel  of  an  engine  in  an 
electric-railway  power-station  in  Brooklyn,  New  York.  This 
wheel  was  18  feet  in  diameter,  and  weighed  about  20  tons.  The 
station  building  was  partly  demolished ;  and  some  large  frag- 
ments, weighing;  many  hundred  pounds,  crushed  through  the 
roof  of  a  house  several  hundred  feet  away,  the  results  being  some- 
times even  more  serious  and  far-reaching  than  those  of  a  boiler 
explosion. 

Fly-wheels  were  formerly  designed  on  a  somewhat  rough  and 
incomplete  theory  of  the  straining-actions;  and  to  balance  the  im- 
perfection of  the  theory,  very  low  working  stresses  were  assumed, 
but  this  is  not  a  positive  way  to  secure  safety.  The  ordinary 
calculations  apply  to  the  tension  of  the  rim  due  to  its  centrifugal 
force  and  to  the  bending  of  the  arms  caused  by  the  acceleration 
or  retardation   of  the  rim,  but  proper  allowance   should   also  be 
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made  for  the  bending  of  the  rim  between  the  arms  and  other 
actions  that  occur,  especially  in  large  or  high-speed  wheels. 

If  we  consider  the  fly-wheel  to  be  a  simple  ring  of  cast  iron, 
and  assume  that  the  effect  of  centrifuge  force  is  to  slightly 
expand  it  uniformly  in  all  directions,  as  indicated  in  Fig.  32,  we 
have  the  expression :  /  ;=  .097  t^,  in  which  /  is  the  tension  in 
the  rim  in  pounds  per  square  inch,  and  v  is  the  velocity  of  the 
center  of  the  rim  in  feet  per  second. 

In  the  case  of  fly-wheels  having  teeth  or  portions  of  the  rim 
cut  away  for  bolt-holes,  etc.,  the  centrifugal  force  will  be  practi- 
cally the  same  as  in  a  rim  of  uniform  size  having  the  same 
weight,  but  the  strength  will  be  less ;  and  the  expression  then 

becomes, /=  —  .097  z^,  in  which  A  is  the  cross-section  of  a  uni- 
a 

form  rim  of  the  same  weight  and  diameter,  and  a  is  the  actual 

cross-section  at  the  weakest  point.     The  arms  or  spokes  of  the 

wheel  would  apparently  aid  the  rim  in  resisting  centrifugal  force ; 

but  actually  their  effect  is  often  detrimental,  since  the  rim  tends 

to  bulge  out  between  the  arms,  as  indicated  in  Fig.  88,  and  is 

thus  subjected  to  a  bending-stress  in  addition   to   the  tension. 

This  produces  a  stress  which  is  usually  considered  to  be  fifty 

per  cent  more  severe  than  the  simple  tension ;  but  the  effects 

are  complicated,  and  difficult  to  determine  exactly. 

The  arms  are  also  subjected  to  a  bending-strain  due  to  varia- 
tions in  the  velocity  of  the  wheel.  For  example,  the  engine  must 
bring  the  fly-wheel  up  to  full  speed  in  starting ;  and  the  accelera- 
tion tends  to  bend  the  arms,  as  represented  by  dotted  lines  in 
Fig.  84,  assuming  the  direction  of  rotation  to  be  right-handed, 
A  similar  effect  is  produced  at  the  beginning  of  each  stroke  when 
the  steam-pressure  is  greatest ;  and  the  arms  tend  to  bend  in  the 
opposite  direction  at  the  end  of  the  stroke  when  the  pressure  is 
much  reduced  by  expansion.  These  effects  are  normal,  and  rarely 
serious ;  but  much  more  severe  stresses  are  produced  by  a  short 
circuit,  or  the  sudden  putting  on  or  taking  off  of  heavy  loads,  and 
many  authorities  consider  this  to  be  one  of  the  chief  causes  of 
fly-wheel  accidents. 

The  greatest  twisting  force  due  to  any  or  all  causes  which  it 
is  allowable  for  the  shaft  to  transmit  to  the  fly-wheel,  or  vice  versa 
through  the  arms,  is  given  by  the  formula :   T=  nf^Z. 
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In  tnis  expression  T  is  the  maximum  twisting  movement 
between  the  shaft  and  the  fly-wheel  rim ;  n  is  the  number  of 
arms ;  f^  the  safe  stress  per  unit  cross-section  of  the  arm  due  to 
bending;  and  Z  is  the  modulus  of  section  of  the  arm.  For  a 
square  Z  =  J  ^ ;  for  a  rectangle  Z  ^\  bc?\  for  an  elliptical  sec- 
tion of  arm  Z  =  ^  bc?^  in  which  a  is  the  dimension  of  the  arm 

in  the  plane  of  rotation,  and  b  at  right  angles  to  it. 

Another  important  cause  of  strains  in  fly-wheels  is  that  aris- 
ing from  the  fact  that  the  plane  of  the  wheel  may  not  be  per- 
pendicular to  the  axis  of  rotation.  It  is  often  stated  that  this 
is  a  gyroscopic  action,  and  that  it  tends  to  bend  the  rim  back  and 
forth ;  but  both  of  these  statements  are  erroneous.  In  Fig.  35, 
let  FG  represent  the  axis  of  rotation,  and  let  PQ  represent  the 
plane  of  the  fly-wheel,  which  in  this  case  is  improperly  mounted 
upon  the  shaft,  so  that  it  is  not  perpendicular  to  the  axis  FG, 
When  the  wheel  revolves,  it  tends  to  be  bent  into  the  form  indi- 
cated by  the  dotted  line  LM\  but  there  is  no  bending  back  and 
forth,  since  the  point  P  always  tends  to  be  bent  toward  Z,  and 
every  other  point  of  the  wheel  always  tends  to  be  deflected  in 
the  same  direction  ;  that  is,  towards  a  plane  perpendicular  to  the 
axis  of  rotation. 

The  only  way  in  which  there  can  be  gyroscopic  action  is  for 
the  axis  of  rotation  FG  to  be  shifted  through  a  certain  angle 
into  the  position  JK  in  Fig.  36.  Then  the  fly-wheel  rotating 
in  the  plane  57"  will  strongly  resist  any  deflection  from  this  plane, 
and  will  therefore  be  bent  into  a  form  represented  by  the  dotted 
line  HN.  If,  now,  the  axis  of  rotation  be  brought  back  to  its 
original  position,  FG^  then  the  arms  of  the  fly-wheel  will  be  bent 
back  and  forth  perpendicular  to  the  plane  of  the  wheel,  produ- 
cing a  most  severe  effect.  This  can  occur  only  when  the  fly-wheel 
shaft:  swings,  as,  for  example,  on  board  ship,  or  because  the  bear- 
ings are  worn  too  large  or  are  not  securely  held,  thus  allowing 
the  shaft  to  move  laterally.  Since  the  angle  through  which  a 
ship  rolls  is  usually  greater  than  that  through  which  she  pitches, 
it  is  preferable  to  have  engines  and  dynamos  arranged  so  that 
their  shafts  are  fore-and-aft. 

Another  stress  to  which  the  fly-wheels  are  subjected  is  repre- 
sented in  Fig.  37,  in  which  FG  is  the  axis  and  A  A  the  plane  of 
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rotation,  rr  being  the  rim,  which  is  assumed  to  be  wide  and  thin. 
The  effect  of  centrifugal  force  is  to  bend  the  rim  into  the  form 
VVy  which  adds  another  bending-force  to  that  shown  in  Fig. 
83,  in  addition  to  the  simple  tension  (Fig.  32)  of  the  rim.  This 
trouble  may  be  avoided  by  making  the  rim  thicker  and  not  so 
wide,  which  would  not  appreciably  reduce  the  moment  of  inertia ; 
or  in  case  the  rim  must  be  made  wide,  to  carry  a  large  belt,  it 
should  be  supported  by  two  sets  of  arms,  this  being  a  common 
construction. 

It  is  thought  by  many  engineers  that  fly-wheels  are  often 
ruptured  by  the  actual  crushing  in  of  the  rim,  due  to  the  pres- 
sure of  the  belt  in  case  of  a  sudden  short  circuit  or  overload.  It 
is  doubtful,  however,  if  this  inward  pressure  is  likely  to  crush 
the  rim  except  under  most  extraordinary  conditions;  since  it  is 
opposed  by  the  centrifugal  force,  and  the  rim  of  the  wheel  would 
act  as  an  arch,  with  great  strength  to  resist  any  forces  directed 
inward,  particularly  if  they  are  distributed.  A  joint  or  thick  spot 
in  the  belt  would  tend  to  strike  the  rim  a  severe  blow,  and  this 
might  break  it,  especially  if  aggravated  by  a  short  circuit ;  and  of 
course  if  the  rim  be  broken  at  one  point  the  entire  wheel  would 
go  to  pieces.  The  danger  can  be  avoided  by  making  the  rim 
of  considerable  radial  thickness,  and  by  increasing  the  number 
of  arms.  In  some  cases  the  receiving-pulley  on  the  dynamo  or 
line-shaft  appears  to  have  yielded  in  this  way,  such  pulleys  usu- 
ally being  made  with  rather  thin  rims  ;  and  the  breaking  of  the 
receiving-pulley  has  caused  the  failure  of  the  fly-wheel  from 
which  it  is  driven.  This  might  occur  either  by  a  fragment 
being  thrown  or  being  carried  by  the  belt  against  the  fly-wheel. 

Construction  of  Fly-  Wheels,  —  In  view  of  the  somewhat  com- 
plicated strains  in  fly-wheels,  and  the  frequency  as  well  as  serious- 
ness of  accidents,  it  behooves  the  engineer  to  exercise  the  greatest 
possible  care  in  regard  to  their  design,  construction,  and  operation. 

The  usual  practice  is  to  allow  not  more  than  1,000  lbs.  per 
square-inch  tension  in  cast  iron,  and  5,000  in  wrought  iron,  and 
to  keep  the  tangential  velocity  of  a  cast-iron  rim  below  100  feet 
per  second.  These  figures  would  seem  to  be  amply  safe,  the 
factor  of  safety  being  considerably  greater  than  is  used  in  most 
other  cases ;  nevertheless,  accidents  often  occur  even  with  these 
precautions. 
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In  the  accident  already  cited,  which  occurred  in  Brooklyn,  the 
normal  velocity  of  the  fly-wheel  was  only  86.87  feet  per  second ; 
but  this  speed  must  have  been  far  exceeded  when  the  accident 
occurred,  as  a  much  higher  initial  velocity  would  be  required  to- 
carry  the  fragments  to  the  distances  at  which  they  were  founds 
In  fact,  excessive  speed,  due  to  failure  of  the  governor  or  other 
cause,  is  undoubtedly  the  cause  of  many  fly-wheel  accidents ;  and 
some  arrangement  for  shutting  off  the  steam  in  case  the  engine 
begins  to  race  is  desirable.  This  may  consist  of  a  centrifugal 
device  which  automatically  closes  the  throttle-valve  by  means 
of  a  mechanical  or  electrical  connection  when  the  speed  rises 
above  the  normal.  One  simple  and  effective  arrangement  of 
this  kind  comprises  an  electric  motor  connected  by  worm-gearing 
to  an  auxiliary  throttle-valve.  The  current  for  working  the 
motor  is  obtained  from  the  main  circuits  of  the  plant,  or  from 
a  special  dynamo  of  about  one  horse-power,  the  motor  being 
about  one-half  horse-power.  When  the  circuit  which  operates 
the  motor  is  closed,  the  latter  immediately  shuts  the  valve.  The 
closing  of  the  circuit  may  be  effected  automatically  by  a  contact 
device  on  the  governors ;  and  the  circuit  may  also  be  led  to 
various  convenient  points,  so  that  it  can  be  closed  by  hand  if  the 
speed  becomes  excessive.  Abnormally  high  speed,  however,  will 
not  account  for  many  cases  of  fly-wheel  accidents  in  which  the 
speed  does  not  seem  to  have  been  much  above  its  ordinary  value. 
Moreover,  the  velocity  which  is  usually  allowed  is  so  far  below 
that  apparently  required  to  produce  rupture,  that  the  speed  might 
be  doubled,  or  even  quadrupled,  before  the  actual  breaking  should 
take  place. 

The  fact  that  a  cast-iron  wheel  is  likely  to  have  considerable 
initial  strains^  due  to  unequal  contraction  in  cooling  from  the 
molten  state,  is  probably  the  reason  for  the  bursting  of  some 
wheels  which  have  failed  with  only  a  slight  increase  above  normal 
speed.  To  avoid  or  reduce  these  initial  strains,  the  wheel  may  be 
built  up  of  sections  which  are  bolted  together,  instead  of  being 
made  of  one  large  casting,  in  which  latter  the  initial  strains  may 
be  so  great  that  there  is  little  margin  of  strength  left  to  resist 
the  centrifugal  force. 

Another  method  that  has  been  employed  to  strengthen  cast- 
iron  fly-wheels  consists  in  winding  iron  or  steel  wire  around  the 
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rim,  with  sufficient  tension  to  greatly  increase  its  resistance  to 
bursting. 

The  use  of  cast  steel  instead  of  cast  iron  for  fly-wheels  would 
augment  their  strength  from  two  to  four  times;  but  the  cost 
would  also  be  considerably  increased,  and  would  usually  be 
thought  excessive.  Nevertheless,  the  higher  cost  is  far  less 
objectionable  than  danger  of  bursting.  A  wooden  fly-wheel  was 
made  to  replace  a  cast-iron  one  that  burst  at  the  Amoskeag 
Mills,  Manchester,  N.H.,  in  1891.  The  rim  is  built  up  of  ash 
plank  arranged  to  break  joints,  and  fastened  together  by  lag- 
screws,  and  also  by  through  bolts.  This  is  claimed  to  be  stronger 
than  a  cast-iron  fly-wheel ;  but  it  would  hardly  seem  that  it  is  the 
best  construction,  particularly  when  we  consider  that  the  arms 
are  of  cast  iron,  bolted  to  the  hub  and  rim,  and  that  the  total 
weight  of  the  wheel  is  62  tons,  of  which  only  16  tons  are  in  the 
rim. 

A  radical  departure  from  ordinary  practice  in  fly-wheel  con- 
struction is  that  used  for  driving  dynamos  in  the  station  of  the 
Union  Railroad  Company  of  Providence,  R.  I.  (Powers  April, 
1894).  This  wheel  has  no  arms,  but  consists  of  a  hub,  disk, 
and  rim.  The  hub  is  made  of  cast  iron,  but  the  rim  and  disk 
are  entirely  composed  of  wrought-iron  plates  riveted  together,  the 
total  weight  being  about  40  tons.  This  construction  is  expensive, 
but  very  strong,  and  should  insure  safety  at  any  reasonable  speed. 

A  very  complete  discussion  of  fly-wheel  theory,  construction, 
and  accidents  is  contained  in  the  issues  of  The  Electrical  World 
during  October  and  November,  1894,  to  which  contributions  were 
made  by  twenty  or  thirty  engineers,  including  many  of  the  most 
eminent  authorities  on  the  subject. 

It  has  been  proposed  *  to  use  fly-wheels  of  considerable  weight 
at  high  speed  to  store  energy.  This  might  be  advantageous  for 
the  rapid  fluctuations  of  load  in  electric  railway  work,  but  would 
not  be  of  much  value  for  the  slow  variations  in  electric  lighting. 

Principles  of  Condensing-Engines.  —  Almost  any  steam-engine 
can  be  converted  into  a  condensing  one  by  connecting  to  it.  an 
apparatus  in  which   the   steam    is   cooled   and   condensed   after 

•  "  Possibilities  of  Securing  better  Regulation  at  Central  Light  and  Power  Stations 
by  Means  of  Fly- Wheel  Accumulators,"  a  paper  read  by  John  Gait  before  Canadian 
Electrical  Society,  September,  1804. 
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leaving  the  cylinder  instead  of  being  allowed  to  escape  directly 
into  the  atmosphere.  The  aijvantage  obtained  is  a  reduction  of 
the  back  pressure  from  that  of  the  atmosphere,  which  is  about 
16  lbs.  per  square  inch,  down  to  about  2  to  5  lbs.  per  square 
inch,  which  is  as  near  a  perfect  vacuum  as  can  be  practically 
maintained  in  a  condenser.  Condensation  has  practically  the 
effect  of  raising  the  steam-pressure,  since  the  difference  in  pres- 
sure on  the  two  sides  of  the  piston  is  augmented  about  10  lbs. 
per  square-inch,  producing  a  corresponding  increase  in  the  power 
of  the  engine.  Since  this  additional  effective  pressure  is  gained 
without  drawing  any  more  steam  from  the  boiler,  it  follows  that 
the  efficiency  of  a  condensing-engine  is  higher,  other  things 
being  equal.  This  might  also  be  proved  by  the  fact  that  the 
difference  between  the  initial  and  final  temperatures  of  the  steam 
is  increased.     (See  page  91.) 

Condensing-engines  are  not  always  desirable,  however,  since  in 
some  cases  the  disadvantages  more  than  offset  the  gain.  For 
example,  in  a  small  plant  the  cost  as  well  as  increased  complica- 
tion of  the  condenser  and  pumps  would  more  than  counterbalance 
the  slight  saving  in  back  pressure.  In  a  simple  (i.e.  non-com- 
pound) engine  it  is  not  desirable  to  have  a  great  range  of  tem- 
perature because  of  cylinder  losses  (page  152),  the  usual  extreme 
differences  in  pressure  not  being  more  than  80  to  100  lbs. ; 
hence  if  the  steam-pressure  has  this  value  it  may  not  be  desirable 
to  increase  its  range  by  adding  a  condenser.  Moreover,  it  would 
probably  be  easier  and  cheaper  to  design  the  boiler  for  a  higher 
pressure  than  to  have  the  complication  of  a  condenser. 

This  applies  to  comparatively  low  pressures  of  say  80  to  100 
lbs. ;  but  if  the  pressure  is  already  very  high,  that  is,  150  or 
200  lbs.,  then  of  course  it  is  possible  to  obtain  about  10  lbs.  more 
effective  pressure  by  the  use  of  a  condenser  without  increased 
danger.  The  gain,  however,  is  not  a  very  large  percentage  in 
the  case  of  such  high  pressures. 

The  original  reason  for  using  a  condenser  was  the  fact  that 
very  low  steam-pressures  were  the  rule,  15  lbs.  being  considered 
high  in  the  time  of  Watt  about  one  hundred  years  ago.  With 
this  pressure  the  addition  of  the  condenser  greatly  increased 
the  power  obtained  from  a  given  size  of  cylinder  and  quantity  of 
steam.     But  at  the  present  time  no  one  would  think  of  using 
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less  than  80  lbs.  pressure  in  an  electric-lighting  plant,  and  for 
large  central  stations  125  to  150  lbs.  is  common ;  consequently, 
the  additional  effective  pressure  gained  by  condensation  is  a  very 
small  percentage  of  the  boiler  pressure,  but  it  adds  materially  to 
the  power  and  efficiency,  as  explained  in  Chapter  XII. 

There  are  two  radically  different  types  of  condenser,  —  the 
jet  and  the  surface  condenser. 

The  jet  condefiser  is  the  original  form,  having  been  employed 
by  Watt,  and  consists  of  a  chamber  into  which  the  exhaust  steam 
and  a  jet  of  cool  water  are  conveyed,  the  former  being  condensed 
by  actually  mixing  with  the  latter.  The  volume  of  the  chamber 
is  ordinarily  from  one-third  to  one-half  that  of  the  cylinder  of  the 
-engine. 

Forms  of  jet  condenser  are  made  by  the 
manufacturers  of  steam-pumps,  such  as  the 
Blake,  Worthington,  Knowles,  and  others. 
The  Blake  vertical  type,  shown  in  Fig.  38, 
consists  of  a  condensing-chamber,  combined 
with  steam-cylinders  which  operate  the  two 
pumps,  —  one  to  deliver  the  jet  of  water  to 
the  chamber,  and  the  other  to  remove  the 
air  from  it.  The  jet  condenser  is  used 
where  the  condensed  water  is  not  returned 
to  the  boiler,  as  the  steam  takes  up  oil  in 
the  cylinder  which  may  be  objectionable  in 
the  boiler  (see  page  113).  This  type  is  also 
used  with  salt  or  very  impure  condensing-water  (in  land  practice), 
because  it  is  more  easily  cleaned  than  the  surface  type.  A  con- 
denser operated  by  its  own  steam-cylinder  is  called  independent^ 
and  is  generally  preferable  to  those  in  which  the  pumps  are  con- 
nected to  and  worked  by  the  moving  parts  of  the  engine,  because 
the  condenser  may  be  started  up  before  the  engine,  or  separately 
controlled  in  any  way  that  may  be  desired. 

The  siirface-candenser  differs  from  the  foregoing  in  the  fact 
that  the  exhaust-steam  is  not  mixed  nor  brought  in  actual  contact 
with  the  water  which  condenses  it.  In  the  surface-condenser  the 
steam  is  separated  from  the  cool  water  by  metallic  partitions  or 
tubes,  the  ordinary  arrangement  being  to  pass  the  cool  water 
through  brass  tubes  around  which  the  steam  is  caused  to  circu- 
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late,  or  vice  versa.     The  condensing-surface  required  is  usually 
from  Ij  to  8  square  feet  per  indicated  horse-power. 

The  Wheeler  condenser  is  a  standard  form  of   surface-con* 


denser.  Fig.  89  represents  a  section  of  this  apparatus  in  which 
the  exhaust-steam  from  the  engine  enters  the  condenser  by  the 
nozzle  A^  and  comes  in  contact  with  the  perforated  scattering- 
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plate  Oy  which  protects  the  tubes  from  the  direct  impingement 
of  the  steam.  The  condensed  steam  gravitates  to  the  bottom  of 
the  condenser,  and  flows  through  the  outlet  B  to  the  air-pimip^ 
which  discharges  it  through  a  pipe  represented  by  a  dotted  circle 
in  the  figure.  The  circulating-pimip  on  the  right  forces  the  cool- 
ing water  through  the  inlet  C  into  the  compartment  F,  from 
which  it  passes  into  the  small  tubes  as  indicated.  After  travers- 
ing the  small  tubes,  the  water  returns  through  the  annular  spaces 
between  these  tubes  and  the  large  tubes  which  surround  them, 
and  empties  into  the  compartment  G ;  thence  it  flows  through 
the  passage  E  into  the  compartment  H,  The  water  then  circu- 
lates in  a  similar  manner  through  the  tubes  of  the  upper  section,, 
and  finally  discharges  through  the  outlet  D,  Both  the  air-pump 
and  circulating-pump  are  operated  by  a  single  direct-acting  steam- 
cylinder,  as  shown.  The  tubes  are  arranged  to  be  easily  un- 
screwed and  removed  for  cleaning  or  repairs. 

Water  for  Condensation,  —  The  obtaining  of  a  sufficient  supply 
of  water  for  this  purpose  is  often  a  difficult  matter,  and  should  be 
considered  in  locating  the  station,  as  stated  in  Chapter  V.  The 
quantity  of  condensing-water  required  depends  upon  its  tempera- 
ture, but  it  is  ordinarily  estimated  to  be  from  30  to  60  times  the 
weight  of  water  evaporated  in  the  boiler;  hence  it  takes  about 
500  to  1,000  pounds  per  horse-power  for  each  hour  that  the 
engine  is  working.  This  amount  being  so  very  large  it  is  evident 
that  condensing-engines  cannot  be  used  unless  an  almost  unlim- 
ited supply  is  available,  such  as  that  afforded  by  a  river  or  other 
large  natural  body  of  water.  The  waterworks  of  a  city,  for  exam- 
ple, could  not  be  expected  to  furnish  condensing-water,  no  matter 
how  ample  the  supply  might  be,  and  in  any  case  the  water-tax 
would  be  prohibitive.  It  is  possible  to  use  water  for  condens- 
ing which  is  far  less  pure  than  that  required  in  the  boiler,  deposi- 
tion of  impurities  being  much  less  objectionable,  so  that  salt  water 
is  often  employed  for  the  condensers  of  electric -light  stations 
where  these  are  located  on  the  seashore  or  on  an  arm  of  the  sea. 
It  is,  nevertheless,  very  undesirable  even  for  condensing-water  to 
contain  salts  or  dirt,  since  they  clog  and  interfere  with  the  work- 
ing of  the  condenser  and  pumps.  For  this  reason  condensing- 
engines  are  not  used  in  some  cases  where  an  abundant  but  impure 
supply  of  water  is  at  hand ;  and  in  other  instances  a  large  well  is. 
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dug  to  obtain  the  condensing-water,  even  when  the  station  is 
close  to  the  shore. 

The  station  of  the  Internationale  Elektricitats  Gesellschaft  of 
Vienna,  situated  on  the  Danube,  takes  water  for  condensation 
from  a  well  to  avoid  the  dirt  of  the  river-water. 

If  the  natural  supply  of  water  is  insufficient,  cooling  towers 
enable  a  small  amount  to  be  used  over  and  over  again.  In  these 
the  water  is  cooled  by  evaporation  and  exposure  to  currents  of 
air  in  a  number  of  large,  shallow  pans  over  which  it  flows  succes- 
sively or  in  checker-work  through  which  it  trickles,  the  object 
being  to  obtain  large  cooling  surface. 

Principles  of  Compound  Engines.  —  In  the  compound  engine 
the  steam  partially  expands  in  one  cylinder,  and  then  passes  to 
another  cylinder,  in  which  it  completes  its  expansion.  At  first 
sight  it  is  difficult  to  see  any  advantage  in  thus  subdividing  the 
expansion  and  work  of  the  steam,  since  the  efficiency  and  total 
capacity  of  a  steam-engine  to  do  work  depend  upon  the  initial 
and  final  temperatures  of  the  steam,  and  would  seem  to  be  entirely 
independent  of  whether  the  expansion  all  takes  place  in  one  cylin- 
der or  not.  As  a  matter  of  fact,  this  would  be  true  if  the  walls  of 
the  cylinder  did  not  take  up  and  give  out  heat  to  the  steam  at 
different  parts  of  the  stroke,  causing  serious  losses  and  modifica- 
tions in  the  action  of  the  steam  in  the  cylinder. 

For  example,  let  us  assume  that  the  steam  enters  the  cylinder 
at  a  pressure  of  100  lbs.  above  that  of  the  atmosphere,  which 
corresponds  to  a  temperature  of  170**  C,  and  that  it  leaves  the 
cylinder  at  the  atmospheric  pressure  which  corresponds  to  100®  C. 
Thus  the  change  in  the  temperature  of  the  steam  during  each 
stroke  is  70^  and  if  the  internal  surface  of  the  cylinder  is  cooled 
down  to  110**  by  the  heat  taken  from  it  by  the  exhaust-steam, 
then  the  incoming  steam  at  the  next  stroke  will  find  the  cylinder 
to  be  60°  below  its  own  temperature,  and  it  will  therefore  give 
up  a  great  deal  of  its  heat  to  the  cylinder  by  radiation  as  well 
as  by  actual  contact.  Steam,  unfortunately,  has  considerable 
power  either  to  give  out  or  to  absorb  heat,  and  results  show  that 
the  losses  in  the  cylinder  from  this  cause  are  very  serious.  It 
might  be  thought  that  the  heat  returned  to  the  steam  by  the 
cylinder  during  the  latter  part  of  the  stroke  would  counter- 
balance the  loss  in  the  beginning;  but  most  of  the  heat  given 
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back  to  the  steam  passes  away  in  the  exhaust,  since  the  latter 
is  in  contact  with  the  cylinder  during  the  entire  back  stroke. 

The  reason  for  the  loss  may  also  be  understood' if  we  consider 
that  the  efifect  of  this  giving  and  taking  of  heat  is  to  reduce 
the  initial  temperature  and  increase  the  final  temperature  of  the 
steam,  and  the  efficiency  is  directly  dependent  upon  the  differ- 
ence between  these  two  temperatures.     (Page  91.) 

The  trouble  is  further  aggravated  by  the  fact  that  the  steam 
is  usually  "  wet ; "  i.e.,  is  slightly  condensed  when  it  enters  the 
cylinder,  and  becomes  still  more  so  by  the  act  of  expansion,  even 
though  it  did  not  give  up  any  of  its  heat  to  the  cylinder.  Hence 
the  aggregate  effect  due  to  all  these  causes  produces  a  very  con- 
siderable condensation  and  diminution  of  pressure,  and  is  one  of 
the  chief  sources  of  trouble  and  loss  in  the  action  of  the  steam- 
engine.  The  most  evident  way  to  mitigate  this  difficulty  would  be 
to  superheat  the  steam ;  that  is,  raise  its  temperature  above  the 
saturation  point  after  it  has  left  the  boiler,  so  that  it  is  capable  of 
losing  heat  in  the  cylinder  amd  still  remain  uncondensed.  This 
plan  has  been  continually  advocated  from  the  time  of  Watt  to  the 
present  day ;  but,  as  a  matter  of  fact,  it  is  rarely  adopted,  owing 
to  the  complication  and  practical  difficulties  which  it  involves.  Its 
advantages  are  so  great,  however,  that  it  would  seem  as  if  it 
ought  to  be  developed  and  accepted  generally.  The  method  of 
superheating  steam  by  introducing  hot  air  at  553"*  F.  into  the  cyl- 
inder and  jacket  has  been  tried  by  Professor  Andrew  Jamieson^ 
who  obtained  good  results.* 

Another  way  to  diminish  the  cylinder  losses  is  to  adopt  high 
speed,  and  thus  reduce  the  time  during  which  the  steam  can 
transfer  its  heat  to  the  cylinder.  It  is  generally  stated  by  authori- 
ties that  cylinder  condensation  varies  approximately  as  the  square 
root  of  the  time  of  action,f  other  things  being  equal.  This  is 
one  of  the  advantages  of  the  many  types  of  high-speed  engines 
now  employed  in  electric  lighting.  But  the  most  successful 
method  of  reducing  cylinder  losses  is  that  of  multiple  expansion 
as  obtained  in  compound  or  triple  expansion  engines.  To  appre- 
ciate the  advantage  of  this  method  let  us  take  the  same  case  as 
before  —  an  initial  pressure  of  100  lbs.,  and  a  final  pressure  of 

•  Electrical  World,  July  20,  1895. 

t  Thurston's  Manual  of  the  Steam- Engine ,  PM-t  II.,  page  702. 
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that  of  the  atmosphere,  but  assume  that  the  steam  expands  from 
100  lbs.  pressure  down  to  40  lbs.  in  one  cylinder,  and  then  passes 
to  another  cylinder,  in  which  it  completes  its  expansion.  The 
initial  temperature  is  170®  C,  as  before,  but  it  only  falls  to  141.5** 
(which  corresponds  to  40  lbs.  pressure)  in  the  first  cylinder,  in 
which  the  total  range  is  therefore  only  28.5^  and  the  incoming 
steam  is  only  18.5®  above  the  temperature  of  the  surface  of  the 
cylinder,  assuming,  as  before,  the  later  to  be  10®  above  the  steam 
which  leaves  it.  Similarly  in  the  second  cylinder  the  total  range 
is  41.5°,  and  the  cylinder  would  be  81.5®  cooler  than  the  steam 
which  enters  it. 

Thus  it  appears  that  the  maximum  and  average  differences  in 
temperature  between  the  steam  and  the  cylinder  walls  in  the 
compound  engine  would  be  less  than  half  as  great  as  those  in  the 
single  cylinder.  A  triple-expansion  engine  in  which  the  steam  is 
successively  expanded  in  three  cylinders  would  have  about  one- 
third  the  range  of  temperature  in  each  cylinder  that  would  occur 
V*  k*  ^'VV^  ^  sample  engine  having  the  same  initial  and  final  pressures,  and 
the  losses  would  be  still  further  reduced.  To  offset  the  advantage 
obtained  by  dividing  the  expansion  between  two  or  more  cylin- 
ders, there  is  the  fact  that  the  total  internal  surface  of  the  two 
cylinders  of  a  compound  engine  would  be  greater  than  that  of  a 
single  cylinder,  and  the  time  during  which  the  steam  can  transfer 
its  heat  to  the  cylinder  is  also  greater,  other  things  being  equal. 

But  the  results  of  general  experience  and  actual  tests  show 
a  decided  economy  secured  by  the  use  of  compound  engines  in 
place  of  simple  engines ;  and  triple  and  quadruple  expansion  en- 
gines show  a  still  further  saving  in  fuel  consumption,  provided 
the  size  and  importance  of  the  plant  warrant  the  increased  cost, 
complication,  and  care  which  multiple  expansion  involves.  But  it 
should  be  remembered  that  a  great  deal  of  the  higher  efficiency 
often  credited  to  compound  and  triple  expansion  engines  is  due 
to  the  increased  steam-pressure  which  is  applied  to  them.*  This 
in  itself  gives  higher  economy  even  in  a  simple  engine ;  and  while 
it  is  decidedly  preferable  to  adopt  multiple  expansion  with  high 
steam-pressures,  nevertheless  high  pressure  can  be  used,  and 
will  increase  the  efficiency  even  in  a  simple  engine.  For  exam- 
ple, a  locomotive  requires  less  coal  at  175  lbs.  pressure  than  it 

•  •  Sec  page  77. 
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does  at  150  lbs.  to  give  the  same  power,  even  though  it  is  a  sim- 
ple, and  not  a  compound,  engine. 

Besides  the  economy  of  the  compound  engine  in  reducing 
cylinder  condensation,  it  also  has  advantages  in  distributing  the 
strains  and  work  of  the  engine  between  two  cylinders  instead 
of  one ;  and  if  the  cranks  operated  by  the  two  cylinders  are  set 
at  right  angles  to  one  another,  then  the  rotational  effect  is  more 
uniform,  and  the  engine  will  not  catch  on  the  dead  center  in 
starting. 

The  only  essential  advantage,  however,  of  compoimd  engines 
is  the  reduction  of  the  range  of  temperature  in  any  one  cylinder ; 
and  if  some  practical  means  were  devised  to  prevent  the  cylinder 
from  absorbing  heat  from  the  steam,  it  is  very  doubtful  if  com- 
poimd engines  would  be  used  to  any  great  extent. 

For  example,  it  has  been  attempted  to  line  the  cylinder  with 
bismuth,  lead,  or  some  alloy  which  is  a  poor  conductor  of  heat 
and  also  has  a  low  specific  heat ;  but  these  materials  are  not  suffi- 
ciently strong  or  durable  for  the  purpose.  Dr.  Charles  E.  Emery 
lined  the  whole  interior  of  the  cylinder  with  glass  or  porcelain, 
but  without  permanent  success.*  The  use  of  plenty  of  oil  in  the 
cylinder,  or  coating  the  interior  with  varnish,  both  tend  to  reduce 
cylinder  condensation,  f  This  matter  has  also  been  investigated 
by  Mr.  CroU.J  It  is  certainly  to  be  hoped  that  some  such  method 
to  reduce  cylinder  condensation  may  be  made  practicable. 

The  subject  of  condensing  and  multiple-expansion  engines, 
particularly  the  eflfect  upon  them  of  variable  loads,  is  discussed 
in  Chapter  XII. 

The  typical  forms  of  compound  and  triple  expansion  engines 
used  in  actual  practice  are  described  in  the  following  chapter. 

•  Trans.  Am.  Soc,  Mech.  Engs,^  1881. 

t  Thurston's  Manual  of  the  Steam-Engine^  Part  II.,  page  704.  » 

X  London  Electrical  Review^  Oct.  4,  1806,  p.  416. 


CHAPTER    XL 

TYPICAL  FORMS   OF  BTBAM-BNGINB  FOR  ELECTRIC 
LIOHTINa. 

Having  considered  the  general  principles  and  construction 
of  steam-engines,  let  us  now  examine  the  most  important  types 
used  in  electric  lighting.  These  may  be  grouped  in  four  general 
classes :  — 

1.  Large,  low-speed  engines  of  the  Corliss  or  similar  type> 
usually  running  at  50  to  125  revolutions  per  minute. 

2.  Small  and  medium-sized  high-speed  engines  running  at  20O 
to  400  revolutions  per  minute. 

3.  A  sort  of  compromise  between  the  two  foregoing,  which 
has  been  developed  for  direct  coupling  with  dynamos.  These 
are  usually  vertical  and  compound  or  triple  expansion,  being 
of  the  so-called  "  marine  type.'*  If  these  are  large,  they  approxi- 
mate class  1 ;  if  they  are  small,  they  resemble  class  2.  Their 
speed  is  usually  between  125  and  200  revolutions  per  minute. 

4.  Steam  turbines  usually  running  at  very  high  speeds  of  one 
or  even  several  thousand  revolutions  per  minute. 

Besides  the  above  prominent  classes,  peculiar  forms  of  steam- 
engine,  such  as  oscillating  and  rotary  types,  have  been  tried  or 
proposed ;  but  they  have  not  been  used  to  a  sufficient  extent  to 
warrant  much  attention  being  given  to  them. 

Corliss  Engines. — The  most  successfully  and  extensively  used 
stationary  engines  are  of  the  type  devised  by  George  W.  Cor- 
liss of  Providence,  R.I.,  in  1849.  The  principal  features  of  this 
engine  are  the  subdividing  of  the  valve  functions  and  the  auto- 
matic cut-off,  by  which  the  admission  of  steam  to  the  cylinder  is 
controlled  by  the  governor,  so  that  the  point  of  cut-off  varies  in 
proportion  to  the  load.  Many  modified  forms  and  improvements 
in  detail  have  been  brought  out;  but  the  Corliss  valve-gear 
remains  substantially  the  same  in  its  general  construction  and 
action.  At  first  sight  it  might  appear  to  be  a  complicated  and 
somewhat  clumsy  mechanism ;  but  its  long-continued  and  almost 
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universal  success ;  and  the  fact  that  there  is  a  tendency  to  revert 
to  it,  rather  than  to  depart  from  it,  are  conclusive  proofs  of  its 
great  merit.  Its  great  advantages  are  good  regulation,  correct 
steam  distribution  and  small  clearance  space. 

A  standard  form  of  Corliss  engine  is  shown  in  Fig.  40 ;  typical 
Corliss  valve-gear  in  Fig.  41 ;  a  form  of  releasing  mechanism 
in  Fig.  41a;   and  a  special  form  of  valve-gear  in  Fig.  42.       In 


Fig,  40.    R9ynotd9'6ortl99  Vertical,  Croat-eom pound  Engin: 

Corlies  engines  each  cylinder  has  an  admission  valve,  V  (Fig. 
41),  and  an  exhaust-valve,  -£,  at  each  end.  They  are  all  of  the 
rotary  type,  either  single-ported  {J)  or  double-ported  {K)y  the 
object  of  the  latter  being  to  obtain  a  double  opening  with  the 
same  angular  motion.  The  exhaust-valves  EE  are  usually 
placed  below  to  allow  any  water  to  flow  out  readily.     All  four 
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valves  are  connected  to  the  wrist-plate  W  by  adjustable  rods 
LLLL.  This  wrist-plate  is  pivoted  on  the  cylinder  DDj  and  is 
caused  to  oscillate  through  a  constant  angle  by  a  rod,  7?,  con- 
necting  with   an   eccentric    on   the   main   shaft.     The   exhaust 

G     %^V 


Fig.  41,    Detalfs  of  Corn»s  Va/o€^€ar 

valves  £E  are  opened  and  closed  positively,  while  the  admission 
valves  VV  are  opened  by  a  grab-hook  which  releases  at  a  cer- 
tain point  in  the  stroke,  allowing  the  valve  to  close  by  gravity, 
accelerated  by  vacuum    pots  P,   springs  or  steam  pressure,   in 

order  to  secure  a  rapid  cut-off.  There 
are  innumerable  forms  of  releasing  gear, 
the  general  principle  being  about  the 
same.  A  simple  type  in  Fig.  41^,  used 
by  Fraser  and  Chalmers,  consists  of  a 
bell-crank  lever,  AA,  which  carries  a 
pivoted  hook,  H,  forced  inward  by  a 
spring,  as  shown.  This  lever,  being  con- 
nected to  the  wrist-plate  by  the  rod  Z, 
rocks  back  and  forth.  The  hook  //  in  its 
lowest  position  engages  with  the  drop- 
lever  B,  and  as  the  bell-crank  lever  AA 
Fig.  41a.  co^iimm  /t§i9aMing  Oear  nioves  upward,  as  indicated  by  the  arrow, 
the  lever  B  is  carried  around  to  the  position  shown,  and  being  con- 
nected to  the  valve,  causes  it  to  open.  At  that  point  the  trip-lever 
T  comes  in  contact  with  the  projection  N  on  the  cam  C,  which 
forces  it  and  the  hook  //,  to  which  it  is  attached,  outward,  thus  re- 


TYPICAL  FORMS  OP  STEAM-ENGINE. 


159 


leasing  the  drop-lever  J9,  which  rapidly  falls  to  its  original  position 
by  the  action  of  the  dash-pot.  The  cam  C  is  connected  to  the 
governor  so  that  the  position  of  the  projection  N  is  always  such 
that  the  cut-off  will  occur  at  the  proper  point  to  maintain  constant 
speed.  Safety  is  secured  by  the  projection  M  on  the  knock-off 
cam  C,  which  in  the  lowest  position  of  the  governor  comes  in  con- 
tact with  the  trip-lever  7",  preventing  the  hook  H  from  engaging. 
Hence  the  valve  is  not  opened  at  all,  and  the  engine  stops  in 
case  the  governor  belt  fails.     As  already  stated,  there  are  very 


Fig.  42,     Cortt89  Vaiif-g9ar  with  Doublt  Writi-plat; 

many  other  forms  of  Corliss  valve-gear.  They  are  all  limited  in 
speed  to  about  100  or  125  revolutions  per  minute,  although  some- 
times run  up  to  150  revolutions  per  minute.  This  limitation  ap- 
plies to  almost  any  form  of  releasing  valve-gear,  because  the  cut- 
off is  not  rapid  enough  for  high  speeds.  For  that  reason  some 
type  of  cut-off  with  positive  action  or  the  simple  throttle  governor 
is  adopted  for  high-speed  engines,  being  described  later  in  the 
present  chapter. 

On  the  other  hand,  the  practicable  speed  of  Corliss  engines  may 
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be  increased  by  accelerating  the  cut-off.  The  ordinary  dash-pots 
{P  in  Fig.  41)  act  also  as  vacuum  pots,  that  is,  a  partial  vacuum  is 
formed  when  the  valve  is  opened  and  the  rod  X  is  lifted.  When 
the  valve  is  released  and  closed  rapidly  by  the  atmospheric  pres- 
sure, the  small  amount  of  air  in  the  dash-pot  is  compressed  and 
acts  as  a  cushion  to  arrest  the  rapid  motion.  In  some  cases  the 
motion  is  accelerated  by  springs  or  by  steam  pressure.  In  the 
Harrisburg  type  of  Corliss  engine  a  small  auxiliary  cylinder 
receiving  steam  from  the  main  cylinder  steam-chest  acts  to  pro- 
duce a  rapid  closing  of  the  valve.  A  compound  engine  of  this 
kind  having  cylinders  of  17  and  32  inches  diameter  with  26-inch 
stroke  develops  450  indicated  H.P.  at  125  lbs.  pressure  and  160 
revolutions  per  minute,  which  is  nearly  twice  the  speed  of  ordi- 
nary Corliss  engines  of  corresponding  power.  The  governor  is 
of  the  inertia  type  similar  to  those  used  on  high-speed  engines 
(Fig.  43),  the  necessary  speed  being  obtained  by  belting  from  the 
main  shaft.  The  larger  Ball  and  Wood  engines  are  provided 
with  Corliss  valves,  but  the  cut-off  is  made  to  occur  positively  by 
the  direct  action  of  an  inertia  governor.  The  latter  is  mounted 
on  the  main  shaft,  since  the  speed  is  relatively  higher,  being  130  to 
150  revolutions  per  minute  for  the  1200  H.P  size  and  180  to  200 
for  the  300  H.P.  cross-compound  vertical  engine.  These  engines 
and  the  Harrisburg  Corliss  type  mentioned  above  are  particularly 
designed  for  driving  generators  directly,  being  classed  with  the 
medium-speed  engines  described  later  in  the  present  chapter. 

Another  limitation  of  the  Corliss  valve-gear  is  the  fact  that 
the  cut-off  is  restricted  with  a  single  eccentric  and  wrist-plate,  as 
in  Fig.  41.  If  the  admission  and  exhaust  valves  are  actuated  by 
one  wrist-plate,  a  very  late  cut-off  is  likely  to  delay  the  closing  of 
the  exhaust,  so  that  both  valves  are  open  simultaneously  at  the 
same  end  of  the  cylinder  at  a  certain  part  of  the  stroke.  Special 
forms  of  gear  have  been  devised  to  overcome  this  difficulty  and 
give  a  range  of  cut-off  to  eight-tenths  stroke  with  a  single  eccen- 
tric. Ordinarily  this  result  is  secured  by  providing  two  wrist- 
plates,  each  operated  by  its  own  eccentric,  as  in  Fig.  42.  Thus 
the  action  of  the  admission  and  exhaust  valves  is  independent  and 
the  range  of  cut-off  made  as  great  as  desired.  When  arranged  in 
this  way  they  are  often  called  **  heavy-duty  engines,"  because  they 
have  considerable  overload  capacity.     For  steady  work  it  is  not 


TYPICAL   FORMS  OF  STEAM-ENGINE,  161 

usually  economical  to  have  the  cut-off  later  than  one-fifth  or  one- 
quarter  stroke.  In  many  cases,  however,  the  service  is  such  that 
overloads  occur  only  for  short  periods  of  time,  so  that  it  is  more 
convenient  and  probably  more  economical  to  allow  temporary 
overloading  with  late  cut-oflf  rather  than  install  and  operate  extra 
engines.  The  same  is  true  of  electric  generators  which  are 
guaranteed  to  carry  25  per  cent  overload  for  two  hours. 

The  forms  of  Corliss  engine  commonly  built  are  the  simple, 
tandem-compound  and  cross-compound,  both  horizontal  and 
vertical,  the  first  of  these  being  represented  in  Figs.  41  and  42  and 
the  vertical  cross-compound  in  Fig.  40.  This  last  type  is  very 
popular  in  the  larger  electric-light  and  power  stations,  being 
economical  in  floor  space ;  in  fact  it  may  be  taken  as  standard 
practice  for  reciprocating  steam-engines.  There  are  two  other 
modifications  of  this  general  form,  one  having  the  fly-wheel  and 
generator  mounted  at  one  end  outside  of  the  housings  and  the 
other  has  two  generators  outside,  one  at  each  end,  the  latter 
being  used  to  supply  a  three-wire  system  directly. 

High-Speed  Engines. —  The  automatic  cut-off  high-speed  type  of 
engine  is  especially  interesting  and  important  in  connection  with 
electric  lighting;  in  fact  the  development  and  extensive  use  of 
these  engines  are  largely  due  to  their  application  to  this  purpose. 
The  distinguishing  feature  of  this  type  consists  in  placing  the 
governor  upon  the  main  shaft  or  fly-wheel  and  connecting  it 
directly  with  the  eccentric,  so  as  to  control  its  action  and  vary 
the  point  of  cut-off".  This  location  of  the  governor  is  made  pos- 
sible by  the  fact  that  these  engines  are  of  sufficiently  high  speed 
to  give  the  required  centrifugal  force  and  insure  its  proper  action ; 
whereas  the  governor  of  a  low-speed  engine  is  mounted  on  an 
independent  spindle  at  some  distance  from  the  main  shaft,  and 
connected  to  it  by  belting  or  gearing,  to  obtain  the  necessary 
speed  of  rotation. 

In  Corliss  and- other  detachable  or  **drop"  cut-off*  engines, 
also  in  cam-motion  valve-gear,  the  speed  is  limited  by  the  fact 
that  the  cut-off"  is  not  rapid  enough  with  respect  to  it,  hence 
some  positive  cut-off*  is  required  in  high-speed  engines.  This 
usually  consists  in  directly  connecting  the  cut-off"  device  with  the 
eccentric,  so  that  the  former  is  forced  to  operate.  The  direct 
connection  between  the  governor  and  valve-gear  is  a  great  ad- 
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vantage  of  the  high-speed  t)Tpe  in  many  ways,  and  secures  com- 
pactness as  well  as  quickness  and  eflfectiveness  of  regulation. 
High-speed  engines  are  not  usually  of  such  high  economy  as 
the  Corliss,  for  example  ;  and  the  wear  and  tear,  attendance  and 
lubrication  are  greater.  They  are,  however,  and  probably  will 
continue  to  be,  commonly  employed  for  smaller  installations, 
whether  isolated  plants  or  central  stations.  Compactness,  close 
regulation,  convenience  of  driving  by  direct  connection  or  by 
belting,  and  avoidance  of  flickering  in  the  lamps,  with  moderate 
diameter  and  weight  of  fly-wheel,  are  all  distinct  and  important 
advantages  that  these  engines  possess,  and  which  make  them  in 
many  cases  the  most  desirable  form  to  select.  There  are  so  many 
excellent  forms  of  high-speed  engines  in  the  market  that  it  is  im- 
possible to  describe  all  of  them  ;  but  certain  common  and  stand- 
ard types  are  here  given  as  examples. 

The  Armington  &  Sims  Engine  has  been  employed  for  driving 
dynamos  in  central  stations  and  isolated  plants  from  the  first 
installations  up  to  the  present  time.  For  many  years  it  was  the 
standard  engine  adopted  in  nearly  all  the  Edison  as  well  as  other 
stations  and  plants.  Since  that  time  many  other  high-speed  types 
have  been  introduced  for  the  smaller  plants ;  and  for  central  sta- 
tions as  well  as  many  isolated  plants,  Corliss  or  other  low-speed 
engines,  steam-turbines  or  gas-engines  are  used.  A  common 
form  of  this  and  other  makes  of  high-speed  engine  is  shown  in 
Fig.  43.  It  is  provided  with  two  pulleys,  one  on  each  side,  and 
is  therefore  constructed  with  a  *  *  center  crank  "  working  between 
**  double  disks."  This  arrangement  has  been  used  when  two 
dynamos  were  driven  from  one  engine  by  belting  for  supplying  a 
three-wire  system  or  series  direct-current  arc  lamps  as  illustrated 
on  page  50.  It  is  often  employed  for  direct  connection  with  dyna- 
mos, the  armature  being  mounted  in  place  of  one  of  the  pulleys » 
A  disadvantage  of  this  design  is  the  fact  that  the  crank  and  con- 
necting-rod end  are  inaccessible  in  the  narrow  space  between  the 
two  disks,  and  therefore  somewhat  difHcult  to  adjust  or  repair. 
For  cases  where  only  a  single  pulley  is  required,  the  single-disk 
type  of  engine  is  made  by  this  as  well  as  by  other  manufacturers. 
The  same  form  is  also  employed  for  direct  connection,  the  shaft 
being  extended  so  that  the  armature  may  be  mounted  alongside 
of  the  fly-wheel,  as  represented  in  Fig.  74. 
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Fig.  43.    Th9  Armington  A  Sima  Simple  HortzonLat  High'Speed  EngiM. 


Fig.  44.    Th§  Cylinder  and  Valoe  of  Armington  A  Sima  Engtna. 


164:  ELECTRIC  LIGHTING. 

The  forms  of  valve  and  governor  used  in  the  Armington  & 
Sims  engine  are  its  chief  cliaracteristics.  A  section  of  the  cylin- 
der and  valve  is  shown  in  Fig.  44.  The  valve  is  of  the  piston 
type,  and  is  made  hollow,  so  that  the  steam  enters  the  cylinder 
by  two  paths  from  the  steam-chest,  which  facilitates  the  taking 
of  steam  promptly  at  the  beginning  of  the  stroke.  For  the  same 
reason  the  cut-off  is  more  sudden  and  definite.  The  illustration 
shows  that  the  steam  pressure,  being  exerted  equally  in  all  direc- 
tions, is  balanced,  an  advantage  of  piston  or  cylindrical  slide- 
valves  already  stated  on  page  129.  The  piston  is  provided  with 
self-adjusting  packing-rings  in  order  to  maintain  a  steam-tight 
contact  with  the  valve- seat,  which  consists  of  a  hard  cast-iron 
bushing. 

This  and  practically  all  other  high-speed  engines  are  provided 
with  the  shaft  governor  (page  134),  usually  mounted  upon  the 
spokes  of  the  fly-wheel.  These  governors  consist  essentially  of 
one  or  two  pivoted  weights  which  act  by  centrifugal  force,  bal- 
anced by  springs,  to  shift  the  eccentric  so  as  to  vary  the  cut-off. 
In  the  latest  forms  the  inertia  of  the  weights  is  also  utilized  to 
secure  more  nearly  perfect  regulation.  Formerly  centrifugal 
force  alone  was  relied  upon,  and  inertia  had  a  good  or  a  bad  effect, 
according  to  the  way  the  parts  happened  to  be  arranged.  The 
Rites  type  of  **  inertia  governor"  is  employed  on  the  latest  Arm- 
ington &  Sims  engines.  It  consists  of  an  arm  with  weights  at 
each  end,  pivoted  near  its  center  upon  a  stud  fixed  to  a  spoke  of 
the  fly-wheel  or  to  a  special  governor-wheel  mounted  upon  the 
the  shaft  as  illustrated  in  Fig.  43.  A  spiral  spring  is  attached  at 
one  end  to  a  spoke  of  the  wheel  and  at  the  other  to  the  weighted 
arm.  Similar  types  are  shown  in  more  detail  in  Figs.  50  and  51. 
The  valve-rod  is  connected  to  an  eccentric  wrist-pin  carried  by 
the  weighted  arm.  Considering  the  effect  of  centrifugal  force 
alone,  it  is  evident  that  the  higher  the  speed  the  greater  will  be 
the  tendency  for  the  weighted  arm  to  turn  clockwise  and  stretch 
the  spiral  spring.  The  weights  at  the  ends  of  the  arm  are  hol- 
low, so  that  a  greater  or  less  quantity  of  lead  may  be  introduced 
and  the  spring  tension  is  also  adjustable,  hence  it  is  possible  to 
balance  the  two  forces  for  normal  speed.  Furthermore  they  are 
balanced  for  all  positions  of  the  arm,  as  explained  on  page  137. 
Any  increase  in  speed  tends  to  cause  the  upper  weight  to  swing 
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to  the  right  and  come  in  contact  with  the  stop  shown,  and  any 
decrease  in  speed  will  cause  the  lower  weight  to  move  towards 
its  stop.  In  the  former  case  the  eccentric  pin  is  shifted  nearer 
the  center  of  the  main  shaft  so  that  the  throw  of  the  valve  is 
reduced  and  the  cut-off  occurs  earlier  in  the  stroke,  thus  tending 
to  bring  the  speed  down  to  normal.  If  now  the  effect  of  inertia 
is  also  considered,  it  is  evident  that  a  sudden  acceleration  of  speed 
will  tend  to  cause  the  weighted  arm  to  lag  behind  the  fly-wheel. 

Since  the  direction  of  rotation  is  counter-clockwise,  the  lag- 
ging of  the  arm  is  in  a  clockwise  direction.  Hence  inertia  pro- 
duces the  same  effect  as  centrifugal  force  with  acceleration  of 
speed.  There  is  this  difference,  however,  that  inertia  acts  more 
promptly,  with  sudden  changes,  whereas  centrifugal  force  does 
not  act  until  after  the  change  has  occurred.  It  should  be  noted, 
on  the  other  hand,  that  gradual  variations  in  speed  would  have 
practically  no  effect  upon  the  governor  due  to  inertia,  while  cen- 
trifugal force  would  have  its  full  influence.  A  governor  acting 
by  inertia  alone  would  therefore  allow  the  speed  to  rise  or  fall 
gradually  to  any  extent.  In  order  to  prevent  the  action  of  the 
governor  from  being  too  sudden  a  dash-pot  is  connected  to  the 
weighted  arm,  as  shown  in  Fig.  43.  These  engines  are  built  in 
the  simple  form  (Fig.  43)  in  18  sizes,  from  about  30  to  500  H.P., 
the  speeds  being  respectively  275  to  350  and  175  to  225  r.p.m. ; 
also  16  sizes  of  tandem-compound  engines  from  about  100  to  500 
H.P.,  with  speeds  of  225-300  and  175-225  r.p.m.;  also  18  sizes 
of  cross-compound  horizontal  or  vertical  engines  from  about  100 
to  700  H.P.,  with  speeds  of  225-300  and  175-225  r.p.m. 

The  Ball  Engine^  another  well-known  high-speed  type,  manu- 
factured at  Erie,  Pa.,  is  called  the  Erie  Ball  Engine,  to  distin- 
guish it  from  two  others  of  similar  name  described  later.  The 
characteristic  feature  of  all  three  forms  is  the  valve,  consist- 
ing of  two  parts  connected  by  a  telescopic  joint ;  this  works  as  a 
double-faced  slide-valve  between  two  surfaces  in  -which  the  ports 
are  formed,  as  represented  in  Fig.  45.  The  steam  which  is  ad- 
mitted  to  the  inside  of  the  valve  through  the  top  presses  the  two 
faces  apart  with  respect  to  each  other  and  against  the  ports 
above  and  below.  The  object  of  this  arrangement  is  to  insure  a 
steam-tight   contort   and   at    the  same  time  to  allow  for  wear. 
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The  new  governor  applied  to  this  engine  is  of  the  inertia  type, 
somewhat  similar  to  that  illustrated  in  Fig.  43.  The  chief  dif- 
ferences are  the  fact  that  a  flat- leaf  spring  is  used  instead  of  a  coil 
spring,  the  weight  being  mounted  directly  upon  the  end  of  the 
spring,  and  the  valve-rod  is  actuated  by  an  eccentric  in  place  of 
a  wrist-pin. 

These  engines  are  made  in  the  simple  form  in  22  sizes,  from 
about  30  to  300  H.P.,  with  normal  speeds  of  325  and  200  r.p.m. 


% 


t 


Fig,  46.    Section  through  Value  of  Ball  Bnglna, 


respectively;  also  22  sizes  of  condensing  and  non-condensing 
tandem-compound  engines  from  about  70  to  350  H.P.,  with  nor- 
mal speeds  from  280  to  200  r.p.m.;  also  26  sizes  of  cross-com- 
pound condensing  and  non-condensing  engines,  from  about  130 
to  400  H.P.,  with  normal  speeds  from  280  to  200  r.p.m. 

The  American  Ball  Engine  of  the  high-speed  type  employs  a 
valve  closely  similar  to  that  illustrated  in  Fig.  46.  The  governor 
is  of  the  inertia  type  similar  to  that  represented  in  Figs.  43  and 
51.  It  is  so  designed  that  the  throw  of  the  valve  and  angular 
advance  of  the  eccentric-pin  with  respect  to  the  main  crank  are 
varied  so  as  to*  keep  the  lead  and  compression  nearly  constant 
for  all  loads.  These  engines  are  made  simple,  cross-compound, 
and  tandem-compound  of  the  horizontal  form  of  the  usual  sizes. 
Another  arrangement  of  this  engine  that  is  peculiar  is  the 
duplex-compound  type  represented  in  Fig.  46.  The  high -pressure 
cylinder  is  placed  directly  under  the  low-pressure  cylinder  instead 
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of  on  one  side  as  in  the  cross-compound,  or  end-to-end  as  in  the 
tandem-compound  designs.  It  possesses  the  advantages  that 
the  floor  space  occupied  is  no  greater  than  for  a  simple  engine. 


Hg,  48.    Amerloan  Ball  Dupl9X'0ompound  EnglnM. 

This  design  is  built  in  nine  sizes  from  60  to  500  H.P.,  the  speeds 
being  respectively  325  and  180  r.p.m. 

The  Ball  &  Wood  High-speed  Engines  are  provided  with  valves 
similar  to  those  already  described  (Fig.  45),  except  that  for  the 
low-pressure  cylinder  of  the  horizontal  compound  form  a  rotary 


Fig.  47.    Ball  A  Wood  Slngle-Valoe,  Tandem-Compound  Engint, 

valve  is  employed.  The  valve-chest  in  this  case  is  cylindrical 
being  placed  transversely  to  the  axis  of  the  cylinder  and  directly 
below  it.  The  governor  is  of  the  inertia-centrifugal  type  similar 
to  those  illustrated  in  Figs.  43  and  51.  Its  general  construction 
may  be  seen  in  Fig.  47.  The  upper  weight  is  thrown  outward 
by  centrifugal  force  as  well  as  by  inertia  with  acceleration  of 
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speed,  these  forces  being  balanced  by  the  curved  leaf  spring  act- 
ing through  a  pin  as  shown.  The  lower  mass  is  influenced  only 
by  inertia  and  supplements  the  effect  of  the  other  weight.  The 
two  are  connected  to  the  eccentric  so  as  to  shift  it  and  vary  the 
cut-off.  The  simple,  horizontal  form  for  belt  or  direct  connection 
is  made  in  twenty  sizes  from  40  to  375  H.P.,  running  at  290  to 
325  and  180  to  200  r.p.m.,  the  piston  speeds  being  467  and  600 
feet  per  minute  respectively.  The  sizes  of  the  tandem-compound 
type  represented  in  Fig.  47  for  direct  connection  are  given  in  the 
following  table : 

BALL  &  WOOD  TANDEMCOMPOUND   ENGINES    (SINGLE  VALVES). 

HORIZONTAL  DIRECT-CONNECTED  TYPE. 


Bngtne. 

Gene- 
rator. 
K.  W. 

Rev. 

Mi^te. 

Approximate 
Floor  Space. 

Wheels. 

Diam. 
Steam 

InJ£^. 

Diam. 
Exhaust 

Pipe. 
Inches. 

A^rox. 
with 

No. 

H.P. 

Stroke. 
Inches. 

Width. 

Length. 

Dam. 
Inches. 

Face. 
Inches. 

Base. 
Pounds. 

3« 

80 

•11 

50 

27S-3«o 

8'    3" 

la'    9" 
la'    9" 

1: 

»3 

l\ 

5 

isaco 

34 

"5 

la 

75 

afis-ago 

9'    9" 

13'  10" 
13'  to" 
13'  10" 

66 

n 

4 

6 

x63ao 

35 

150 

X4 

100 

250-375 

10'  10" 

15'    5" 
15'    5" 
«i'    5" 

68 

i5i 

4i 

7 

.2500 

3« 

«7S 

x6 

150 

335-350 

ix'    4" 

16'    6" 
16'    6" 
16'    6" 

7« 

17 

5 

1 

asooo 

38 

MS 

•16 

215-335 

XX'    a" 

1/    o'' 
n'    0" 

I 

«9 

6 

8 

31000 

40 

300 

x8 

200 

190-2x0 

«3'    9" 

19'    8" 

84      . 
90 

ax 
aa 

6 

9 

49000 

4a 

375 

18 

230 

180-300 

14'    0" 

20'    4" 
»'    4" 

84 
90 

6 

zo 

51CO0 

The  option  is  reserved  to  proportion  the  cylinders  of  compound  engines  to  suit  varying  conditions. 

*  The  engines  indicated  by  asterisk  are  specially  designed  for  the  powers  given,  and  are  heavier  and 
hfger  thantSose  of  same  stroke  of  smaller  powers,     ^j.       _         .^,,.4  ew.„ 

The  above  Uble  is  based  on  the  report  of  Uie  Standardization  Committee  of  the  Amer.  See.  Mecfaan. 
Bag. 

Horizontcil,  cross-compound  (single-valve)  engines    are  also 
manufactured  in  nine  sizes,  from  150  to  600  H.P.  and  speeds  of 


TYPICAL  FORMS  OF  STEAM-ENGINE.  169 

275  to  310  and  180  to  200  r.p.m.  respectively.  Horizontal 
tandem-  and  vertical  cross-compound  engines  of  greater  power 
are  equipped  with  Corliss  valves  and  belong  to  the  medium-speed 
class  described  later,  as  already  stated  on  page  160. 

The  Mclntosli  and  Seymour  High-speed  Engine  employs  one 
form  of  governor  for  single-valve  and  another  for  double-valve 
construction.  Both  are  of  the  shaft  type  and  similar,  but  differ 
from  that  shown  in  Fig.  43  and  others  already  described  in  the 
fact  that  the  weights  are  not  arranged  to  act  by  their  inertia,  cen- 
trifugal force  alone  being  relied  upon. 

The  valve  is  of  the  piston  form,  somewhat  similar  to  that 
represented  in  Fig.  44,  but  it  works  in  a  valve-seat  which  is  split, 
and  can  be  contracted  by  the  adjusting-screw  shown  in  Fig.  48. 
This  split  ring,  which  forms  the  valve-seat,  is  made  tapering  to- 
wards the  ends,  so  that  it  tends  to  preserve  a  perfect  circle  even 
when  contracted.  This  enables  the  fit  of  the  valve  to  be  perfectly 
adjusted  at  any  time  in  order  to  take  up  the  wear  and  avoid 
leakage. 

The  ordinary  horizontal  single-cylinder  form  of  this  engine  is 
made  in  twenty  sizes,  from  22  to  500  H.P., 
with  speeds  from  320  to  175  r.p.m.  respec- 
tively. Numerous  sizes  of  tandem-com- 
pound high-speed  engines  are  also  built, 
ranging  from  65  to  500  H.P.  and  from  275 
to  175  r.p.m. 

Larger  engines  of  from  300  to  3000  H.P., 
both  vertcal  and  horizontal,  are  made,  but 
these  belong  to  the  medium-speed  class  and        AdjuataZl' v^'oe-awt. 
will  be  described  later. 

The  "Ideal  "  Engine,  manufactured  at  Springfield,  111.,  belongs 
to  the  class  in  which  the  working  parts  are  completely  inclosed 
in  a  cast-iron  case.  Its  construction  is  very  similar  to  that  of  the 
*'  Harrisburg  Ideal  * '  engine  represented  in  Fig.  49.  This  arrange- 
ment makes  the  engine  self-lubricating,  because  the  supply  of  oil 
which  is  kept  in  the  bottom  of  the  case  is  thrown  about  by  the 
motion  of  the  crank-pin,  thereby  drenching  the  working-parts 
with  lubricant  as  represented.  Special  channels  are  also  provided 
to  catch  the  oil  and  convey  it  to  points  which  it  would  not  reach 
directly.     For  example,  there  is  one  at  the  extreme  end  of  the 
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casing ;  this  supplies  the  main  bearings  with  a  constant  flow  of 
oil.  The  governor  is  of  the  Rites  inertia-centrifugal  type  similar 
to  that  shown  in  Fig.  43,  but  an  eccentric  is  used  instead  of  a 
wrist-pin.     Either  of  two  styles  of  valve  may  be  used,  both  being 


Ftq*  49,    Fleming  Center  Crank  Engine, 

of  the  piston  form.  One  is  simply  a  hollow  casting  working  in  a 
valve-seat  consisting  of  cast-iron  bushings.  If  the  wear  becomes 
sufficient  to  allow  leakage  a  new  valve  slightly  larger  than  the 


Fig.  60,    Fly'Wheel  and  Oouernor  of  Harrleburg  Engine, 

original  is  furnished  by  the  manufacturer,  also  a  boring-bar  and 
reamer.  With  the  two  latter  the  bushings  are  bored  out  to  fit 
the  new  valve.     The  other  kind  of  valve  is  adjustable,  being  pro- 
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vided  with  split  rings  that  may  be  expanded  by  means  of  a  wrench. 
These  engines  with  single  cylinders  are  built  in  twenty-two  sizes, 
from  10  to  400  H.P.,  the  speeds  being  respectively  400  to  500 
and  180  to  200  r.p.m*  Tandem-compound  engines  of  similar 
design  are  also  made. 

The  Harrisburg  Ideal  and  Standard  Engines  are  similar  to  the 
foregoing,  as  already  stated,  being  shown  in  Figs.  49  and  74. 
The  most  prominent  difference  is  in  the  governor,  represented  in 
Fig.  50.  It  is  of  the  inertia-centrifugal  type,  but  comprises  two 
weighted  arms  instead  of  the  single  bar  of  the  Rites  construction. 
The  weights  are  thrown  outward  by  centrifugal  force  with  increase 
of  speed,  and  being  connected  to  the  eccentric,  as  illustrated,  the 
latter  is  shifted  so  as  to  cut  off  the  steam  earlier  in  the  stroke. 
When  a  load  of  125  per  cent  of  the  rated  power  is  suddenly  ap- 
plied to  one  of  these  engines,  it  is  guaranteed  not  to  vary  in  speed 
more  than  1^  per  cent,  and  if  this  load  is  instantly  thrown  off  the 
variation  is  not  greater  than  1  per  cent.  The  following  table 
gives  data  concerning  the  **  Standard"  type;  the  "Ideal"  is 
made  in  similar  sizes,  but  only  up  to  380  H.P. 


HARRISBURG  STANDARD   SIMPLE  ENGINES  (SINGLE  VALVE). 


Ind. 

Cylinder. 

Rev. 
filn. 

Diam. 

Pipes. 

Pull 

cy. 

Weight  including 
Base. 

Approxi- 
mate Floor 
Space. 

H.P. 

Diam. 

Stroke. 

Steam. 

Ex. 

Diam. 

Face 

Belted. 

D.  C. 

in. 

io. 

in. 

in. 

in. 

in. 

lbs. 

lbs. 

ft.  in.  ftl  in. 

xa 

5 

6 

500 

a 

9 

]^; 

6H 

3,000 

3,100 

6    OK  3    6 

26 

7 

8 

4*5 

a« 

»H 

]:? 

8« 

3,860 

4,000 

6  xox   3  10 

45 

9 

xo 

350 

3 

3 

\t 

10     \ 

6,000 

6,300 

7  lox   4    8 

95 

»3 

ZI 

3*5 

4H 

4» 

\^ 

9,300 

10,000 

8    ox   4    8 

ZIO 

14 

»3 

»85 

4k 

6 

\\x 

12 
t6      ' 

13,500 

14,400 

10    ax   5    8 

150 

15H 

»5 

975 

6 

7 

J  7a 

20      ( 

18,300 

I9i30o 

11    9x   6    6 

900 

18 

16 

950 

6 

7 

J  72 

12^     . 
20 

aa,40o 

23,690 

19    ox   6    8 

990 

89 

so 

900 

8 

10 

i7» 
(84 

16 

28            ■ 

40,900 

41,800 

14     2X    8     4 

375 
500 

P 

a6 
98 

11 

160 
»50 

120 

10 

10 
la 

12 

12 

12 

M 
»4 

120 
138 
150 
»74 

3a 
40 

65 

55,0-0 
72.000 
92,000 

125,000 

56.400 
74.500 
95.000 
130,000 

18  6x10    3 

19  6xix    0 

93  3x14    6 

94  ox 24  xo 

Indicated  H.P.  is  based  upon  80  lbs.  steam  pressure,  atmos- 
pheric exhaust,  and  J  cut-off.  Power  at  90  lbs.  pressure  is  one- 
eighth,  and  at  100  lbs.  is  one-fourth  greater.  The  actual  H.P. 
may  be  taken  as  lOj^  less  than  the  indicated.      There   are   80 
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sizes  of  this  type;  the  above  table  gives  only  the  smallest,  largest, 
and  10  sizes  between. 

In  addition  to  this  series  of  single-valve,  simple  engines,  the 
Harrisburg  Foundry  and  Machine  Works  build  47  sizes  of 
"standard  **  single-valve,  tandem-compound  engines,  from  21  to 
1,110  H.P.,  with  speeds  of  450  to  120  r.p.m.;  also  similar 
"Ideal"  engines  up  to  440  H.P.  The  four-valve,  simple  and 
compound  types  will  be  considered  on  page  177  under  the  head 
of  **  Medium  Speed,"  and  the  Corliss  simple  and  compound  en- 
gines with  steam-accelerated  valves  have  already  been  described 
(p.  160). 

The  Westinghouse  Engine  is  another  type  in  which  the  work- 
ing-parts are  completely  inclosed.  The  engines  are  made  in 
three  styles, — the  **  standard,"  which  is  the  original  form,  the 
"junior,"  and  the  "compound  "  (Fig.  52).  They  are  all  simi- 
lar in  general  construction,  and  consist  of  a  pair  of  vertical  cylin- 
ders bolted  to  the  top  flange  of  the  crank-case,  which  latter  serves 

the  double  purpose  of  a  pedestal 
for  the  engine,  and  a  receptacle 
for  the  oil,  into  which  the  cranks 
dip  at  each  stroke.  The  pistons 
are  of  the  trunk  form,  being  open 
at  the  bottom,  and  are  made 
sufficiently  long  (about  1^  diam- 
eters) to  serve  as  cross-heads, 
the  connecting-rods  being  di- 
rectly attached  to  them.  In  the 
**  standard"  the  valve-chest  is 
in  the  form  of  a  third  cylinder, 
which  is  in  a  slightly  oblique  position,  and  is  often  mistaken 
for  a  working  cylinder.  In  the  ** junior"  and  compound  en- 
gines the  valve-chest  is  at  right  angles  to  the  cylinders  across  the 
top.  A  single  piston-valve  is  used  in  all  of  these  engines,  the 
valve-seat  being  a  removable  bushing  in  which  the  ports  are 
milled. 

In  the  "  standard  "  engine  the  governor,  which  acts  by  cen- 
trifugal force  only,  is  mounted  on  the  shaft  between  the  two 
cranks;  in  the  "junior  "  engine  it  is  located  on  the  outside  of  one 
of  the  two  fly-wheels,  the  valve  being  actuated  by  an  eccentric 


Fig,  61. 


Governor  of  WeatlnghooB9  Compound 
engine. 
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pin ;  and  in  the  compound  engine  it  is  carried  on  the  inside  of  one 
of  the  fly-wheels,  the  valve  being  operated  by  a  disc  eccentric. 
The  two  latter  governors  are  of  the  inertia-centrifugal  type,  simi- 
lar to  that  represented  in  Fig.  43.  The  form  used  on  the  compound 
engines  is  shown  in  Fig.  51.  It  consists  of  a  single  weighted  bar 
{AE)  pivoted  on  a  pin  {P)  fixed  to  the  hub  of  the  wheel.  A  spring 
(5)  is  attached  to  the  wheel  with  an  adjusting  nut  at  D  and  to  the 
weighted  bar  at  C  The  centre  of  gravity  of  the  bar  being  at  G, 
increase  in  speed  tends  to  make  this  point  move  away  from  the 
centre  of  the  main  shaft  (Af),  and  causes  the  bar  to  swing  on  its 


Fig.  62,    Wettlngfiouae  Compound  Engin: 


pivot  in  a  direction  opposite  to  that  of  the  arrow  indicating  the 
rotation  of  the  wheel.  The  eccentric  E  carried  by  this  bar  is 
thus  brought  more  nearly  concentric  with  the  shaft,  and  its  angu- 
lar advance  is  also  increased  so  that  the  travel  of  the  valve  is  less 
and  the  cut-off  occurs  earlier,  the  position  shown  being  for  latest 
cut-off.  A  sudden  increase  in  speed  will  cause  the  bar  AB,  on 
account  of  its  inertia,  to  lag  behind  the  wheel,  thereby  producing 
the  same   effect  momentarily  as  that  resulting  from  centrifugal 

force in  fact  the  former  may  be  said  to  anticipate  the   latter. 

The  motion  of  the  bar  is  limited  by  a  stop  at  F  and  by  the  ec- 
centric coming  in  contact  with  the  shaft  at  E.     Other  facts  con- 
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cerning  this  general  type  of  governor  have  already  been  given  ic 
connection  with  Fig.  43. 

The  **  standard  "  engine  is  made  in  13  sizes,  ranging  from  5 
to  250  H.P.,  the  speeds  being  respectively  500  and  250  revolu- 
tions per  minute.  The  "junior  '*  engine  is  built  in  7  sizes,  from 
6  to  75  H.P.,  and  speeds  of  400  to  330  revolutions  per  minute. 

The  compound  (single-acting)  engine  is  made  in  9  sizes,  from 
85  to  250  H.P.,  and  speeds  of  375  to  250  r.p.m.  (Fig.  52). 

Wlllans  Engine. — A  high-speed  type  widely  used  in  England, 
where  it  originated,  and  built  also  by  the  Bradley  Manufacturing 
Company  of  Pittsburg,  is  the  Willans  central-valve  engine.  It  pos- 
sesses several  unusual  features,  being  in  the  first  place  single  act- 
ing; that  is  to  say,  the  steam  pressure  is  exerted  only  on  one  side 
of  the  piston.  The  governor  is  of  the  simple  throttle-valve 
form,  the  cut-off  being  set  at  a  certain  point  and  not  controlled 
by  the  governor,  whereas  practically  all  American  engines, 
whether  high  or  low  speed,  are  provided  with  an  automatic  cut- 
off. Another  peculiarity  is  the  location  of  the  valve  inside  of  the 
piston-rody  which  is  made  hollow  for  the  purpose.  In  spite  of 
these  apparent  anomalies,  the  engine  has  been  successful,  and 
seems  to  possess  advantages,  the  most  prominent  of  which  are 
— ^great  compactness  and  economy  in  floor-space ;  avoidance  of 
lost  motion  and  knocking,  owing  to  the  fact  that  the  steam  pres- 
sure is  always  exerted  in  one  direction;  automatic  and  perfect 
lubrication  of  bearings  and  other  working-parts,  obtained  by  in- 
closing them  in  a  chamber  partly  filled  with  oil;  and,  finally, 
high  speed,  being  from  350  to  500  revolutions  per  minute.  The 
economy  of  this  type  is  very  good,  especially  when  its  moderate 
size  and  very  high  speed  are  considered.  It  is  made  simple, 
compound,  and  triple-expansion;  but  usually  only  the  two  lat- 
ter, with  two  sets  of  cylinders,  are  used  in  electric  lighting. 

The  construction  is  shown  in  Fig.  53,  which  represents  a  pair 
of  compound  engines  acting  upon  the  same  shaft.  Each  of  the 
two  sets  of  pistons  is  connected  to  its  corresponding  crank  by  a 
pair  of  connecting-rods,  with  a  space  between,  containing  an 
eccentric,  forged  directly  upon  the  crank-pin. 

Piston-valves  are  used,  moving  inside  of  a  hollow  piston-rod^ 
which  passes  completely  through  the  line  of  pistons,  and  through 
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the  ends  of  the  cylinders.  The  reason  for  placing  the  eccentric 
on  the  crank-pin,  and  not  on  the  shaft  as  usual,  is  the  fact  that 
the  valve -face  (i.e.,  the  inside  surface  of  the  hollow  piston-rod) 


FWTpNe  Oh  DOWN.   STROKE,  AKOUT 

OKE-FduRTH  OF  STRQRE  COMPLETED; 

irriAH  EKtTEHlNO  AS  f  HOW  hi  ^ 

AHRChkrE;  PI8TOH*nO0  IN  eECTION, 

t>lOWlNa  VALVES  IH.ELEVATJO^. 
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HAU6TINQ  M  6M0WN  BV  ARRDW$; 

PlBTONftAHD  PI^TDN-ftDD  IN 
ELEVATION. 


fig,  63.     Wlllana  CentraI-mUo€  Compound  Engino, 


moves  with  the  pistons.  Consequently  the  valve-motion  required 
is  relative  to  the  pistons ;  and  is  obtained  by  mounting  the  ec- 
centric on  the  crank-pin,  which,  like  the  piston-rod,  moves  with 
the  pistons.     Though  its  lead  is  different  from  that  of  an  ordinary 
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eccentric,  its  effect  upon  the  movement  of  the  valves  is  practi- 
cally the  same.  The  action  of  the  steam  is  shown  in  Fig.  54.  It 
passes  from  the  steam-chest  into  the  hollow  piston-rod,  then  out 
through  ports  in  the  latter  into  the  high-pressure  cylinder;  on  the 
return  stroke  flowing  into  the  low-pressure  cylinder. 

The  Case  £ng[ine  is  an  example  of  a  very  high-speed  engine 
adapted  to  being  directly  connected  to  dynamos  for  small  electric 
plants.     Fig.  54  shows  a  skeleton  view  of  the  internal  arrange- 


Fiq.  64.    Working-parta  of  Ca$9  Engine. 


ment  and  working-parts  of  this  engine,  which  are  inclosed  in  a 
cast-iron  box.  The  cylinder  is  of  the  oscillating  type,  being 
capable  of  rocking  in  its  casing,  which  permits  the  piston-rod  to 
be  directly  connected  to  the  crank-pin,  and  saves  weight  in  the 
moving-ports  by  eliminating  the  connection-rod  and  cross-head. 
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The  cut-off  valve  is  of  the  plug  type,  balanced  and  made  with  a 
slight  taper,  so  that  it  can  be  kept  tight.  Its  only  duty  is  to 
define  the  point  of  cut-off ;  the  admission,  release,  and  exhaust 
closure  being  controlled  by  the  rocking  of  the  main  cylinder, 
which  thus  performs  the  valve-action.  The  governor  is  of  the 
usual  shaft  type,  except  that  it  does  not  vary  the  throw  of  the 
valve  but  rotates  the  eccentric  on  the  shaft,  thereby  changing  the 
lead.  General  experience  with  these  engines  proves  that  they 
regulate  well,  and  any  slight  change  in  speed  can  be  offset  by 
compound  winding  on  the  dynamo. 

They  are  made  in  six  sizes  from  2.5  to  25  H.P.  inclusive,  with 
speeds  from  900  to  550  r.p.m.,  being  built  in  the  pedestal  form 
(Fig.  54) ;  also  in  the  bracket  and  hanger  types,  the  two  latter 
are  mounted  on  the  wall  or  ceiling  where  this  may  be  desirable. 
For  direct  connection  the  pedestal  form  is  bolted  on  a  cast-iron 
base,  to  which  the  dynamo  is  also  bolted,  the  two  being  con- 
nected by  a  flange  coupling  substituted  for  the  wheel  on  the 
right  in  Fig.  54.  In  addition  to  the  examples  described  other 
similar  designs  of  high-speed  engines  are  employed  for  driving, 
electric  generators,  such  as  the  Buckeye,  Payne,  Ames,  Water- 
town,  Skinner,  McEwen,  Chandler  &  Taylor,  Atlas,  Fitchburg, 
Buffalo  Forge,  Noye,  and  Reeves  types. 

Standardization  of  High-speed  Engines  and  Dynamos. — The 
numerous  sizes  and  styles  of  engines  and  generators  of  the  vari- 
ous manufacturers  resulted  in  great  confusion,  each  builder  being 
obliged  to  have  many  patterns  to  fit  the  different  machines  on 
the  market.  To  avoid  this  trouble  a  committee  of  the  American 
Society  of  Mechanical  Engineers  has  made  certain  recommenda- 
tions, which  may  be  found  in  full  in  the  Proceedings  for  1901 
and  in  the  Etectrical  World  of  Dec.  7,  1901.  The  standard 
capacities,  speeds,  shaft  diameters,  and  principal  dimensions  rec- 
ommended are  as  shown  in  the  table  on  page  178. 

Medium-speed  Engines. — Besides  the  types  of  high-speed 
engines  just  described,  a  third  class  of  engines  was  defined 
(p.  156)  to  be  those  which  are  a  compromise  between  the  low-speed 
Corliss  and  the  high-speed  Ball  engine,  for  example.  These 
are  vertical  or  horizontal  and  cross-compound  or  tandem-com- 
pound, the  speed  being  ordinarily  between  125  and  200  r.p.m. 
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STANDARDIZATION  OF  DIRECT- CONNECTED  ENGINES  AND 
GENERATORS. 

Recommended  by  the  American  Society  op  Mechanical  Engineers. 


Ae  airangred  for  horizontally 
parted  generators. 

Stools  to  be  made  and  located  to  suit  feet 
of  horizontally  parted  generators.  Builders 
of  latter  note  that  radius  of  outside  of  field 
piece  must  be  \^"  to  \^'  less  than  "  C* 


As  arranged  for  yertically 
parted  generators. 

Rectangular  seattngs  to  be  made  and  located 
to  suit  bases  of  vertically  parted  generators. 


K.  W 

Revolu- 
tionc  per 
Minute. 

Armature  Bore. 

Space  occupied  on 

Shaft  between 

the  Limit  Lines. 

B 

Length 
of  Ex. 
tension 
Pieces. 

C 

Height  of 
Axis  of 
Shaft 
above 
Top  of 
Base. 

D 
Width 

Ccntrc- 

cranlc 

Engines. 

Side. 

crank 

Engines. 

Long 
Class  A 

Short 
Class  A'. 

of  Top 
of  Sub- 
base. 

as 

35 

50 

75 

100 

150 

200 

310 

300 
290 

275 
260 
225 
200 

Inches. 
4 
4 

4i 

1* 
\ 

Inches. 

^! 
5} 

10 
II 

Inches. 
30 
33 
37 

% 

51 

54 

Inches. 

^1 

31 
37 
42 

% 

Inches. 
5 

1 

6 
6 
6 
6 

Inches. 
23 

*J 

31 

35 
41 
49 

Inches. 

48 
'A 

66 

Five  per  cent,  variation  of  speed  permissible  above  and  below  speed  in  table. 

Distance  from  center  of  shaft  to  top  of  base  of  outboard  beanng  may  be  leas  than  **C  '*  (to 
suit  engine  builder),  though  not  less  than  possible  outside  radius  of  armature. 

Up  to  6  inches  diameter  engine  shaft  is  ts^  ioch  larger  than  armature  bore,  and  over  6  inches 
diameter  it  is  x^v  i°ch  larger. 


An  example  of  this  class  is  the  vertical  cross-compound  type 
built  by  Mcintosh,  Seymour  &  Co.  and  represented  in  Fig.  55. 
The  admission  of  steam  and  the  exhaust  are  controlled  by  flat 
gridiron  valves  actuated  by  an  eccentric  through  rock-shafts  and 
links  designed  to  secure  rapid  opening  and  closing.  The  cut-off 
is  determined  by  a  third  gridiron  valve  riding  on  the  steam-valve 
and  operated  positively  by  a  separate  eccentric  under  the  con- 
trol of  a  shaft  governor  similar  to  that  employed  on  the  high- 
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speed  engines  already  referred  to  (p.  168).  These  gridiron 
valves  are  claimed  to  have  even  less  clearance  than  the  Corliss 
form,  and  since  they  contain  about  twelve  ports  the  motion  re- 
quired to  obtain  full  opening,  is  only  \  inch  for  small  sizes  and 
1 J  inch  for  the  largest  engines. 

Cross-compound  engines  of  this  type,  both  vertical  and  hori- 
zontal are  made  in  39  sizes,  the  smallest  having  cylinders  13  and 
28  inches  in  diameter,  giving  about  300  H.P.,  while  the  largest 
has  30-  and  46-inch  cylinders,  developing  about  1 ,000  H.P.  Each 
size  may  be  built  for  24-,  30-,  36-,  42-  or  48-inch  stroke,  the  speed 
of  the  smallest  being  145  to  175  r.p.m.  for  the  shortest  and  70 
to  100  for  the  longest  stroke.     There  are  larger  engines  in  24 


F\g,  60.    Roll  A  Wood  Tandem-oompound  Engines  with  Corllaa  Vol  v. 

sizes,  the  smallest  with  cylinders  27  and  56  inches,  giving  about 
1,200  H.P.,  and  the  largest  with  cylinders  41  and  82  inches, 
giving  about  3,000  H.P.  The  stroke  in  this  case  is  30,  36,  42, 
48,  54,  60,  or  ^^  inches,  depending  upon  the  size  of  engine. 
This  great  variety  of  cylinder  diameters,  lengths  of  stroke,  and 
speeds  enable  a  selection  to  be  made  in  accordance  with  the 
conditions:  steam  pressure,  condensing  or  non-condensing,  char- 
acter of  service,  first  cost,  operating  expense,  etc.  The  250  K.  W. 
size  of  the  type  represented  in  Fig.  55  is  15  feet  high  and  occu- 
pies a  floor  space  11  by  15i  feet;  the  750  K.  W.  size  is  25  feet 
high  and  18  by  23i;  the  2,000  K.  W.  size  is  28  feet  high  and 
21 J  by  31,  these  being  approximate  dimensions. 
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Other  well-known  medium-speed  engines  are  those  built  by 
the  Ball  &  Wood  Company  and  provided  with  Corliss  valves  that 
are  non-releasing,  being  operated  positively  by  eccentrics  with 
the  cut-off  controlled  by  an  inertia  shaft  governor  similar  to  that 
on  the  high-speed  engines  (Fig.  47).  They  are  made  in  the  hori- 
zontal, tandem-compound  form  in  7  sizes  from  125  to  375  H.P., 
and  speeds  of  215  to  235  and  180  to  200  r.p.m.  respectively; 
also  horizontal  and  vertical  cross-compound  engines  from  300  to 
1,200  H.P.,  with  speeds  of  180  to  200  und  130  to  150  r.p.m. 

The  Harrisburg  four-valve  engine  is  a  prominent  medium- 
speed  design.  It  employs  rotary  valves  actuated  positively  by 
eccentrics  through  bell-cranks  that  give  rapid  opening  and  closing, 
the  cut-off  being  varied  by  an  inertia  shaft  governor  of  the  kind 
shown  in  Fig.  50.  These  engines  are  built  either  simple  or 
tandem-compound,  in  many  sizes,  from  100  to  1,500  H.P.  with 
speeds  from  210  to  90  r.p.m.  The  Harrisburg  Corliss  engine  has 
steam-accelerated  valves  intended  to  enable  it  to  run  faster  than 
with  the  ordinary  Corliss  releasing  gear.  The  cut-off  is  con- 
trolled by  an  inertia  governor,  but  not  mounted  on  the  main 
shaft,  being  connected  to  it  by  belting  to  get  the  necessary  speed. 
This  type  is  made  in  the  horizontal,  simple,  tandem-compound 
and  cross-compound  forms,  the  two  latter  in  26  sizes,  from  410 
to  1,850  H.P.,  with  speeds  from  160  to  80  r.p.m.     (See  p.  160.) 

Steam  Turbines  depend  for  their  action  upon  the  conversion  of 
the  heat-energy  of  steam  into  kinetic  energy  and  in  the  trans- 
ference of  this  kinetic  energy  from  the  steam  to  the  rotating  parts 
of  the  turbine.  In  a  general  way  they  are  analogous  to  the 
hydraulic  turbines  treated  in  Chapter  XIV,  the  principle  of 
operation  and  classification  into  parallel,  outward  and  inward 
flow  wheels  being  similar.  With  water,  however,  the  kinetic 
energy  is  derived  from  the  potential  energy  of  hydrostatic  pres- 
sure or  head,  and  little  change  of  temperature  occurs,  while  with 
steam  the  pressure  depends  entirely  upon  heat.  Furthermore, 
the  volume  of  water  is  practically  constant,  whereas  that  of  steam 
varies  enormously.  For  example,  1  cubic  foot  of  water  produces 
141  cubic  feet  of  saturated  steam  at  200  lbs.  absolute,  1,647 
cubic  feet  at  atmospheric  pressure,  and  25,500  cubic  feet  if  ex- 
panded adiabatically  from  200  to  .6  lbs.  abs.  (28.7  inch  vacuum). 
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In  the  last  case  25.6  per  cent  of  the  steam  would  be  con- 
densed. 

The  much  higher  velocity  of  the  fluid  is  the  greatest  diflerence 
between  steam  and  hydraulic  turbines.  With  a  head  of  50  feet 
the  theoretical  velocity  of  the  fluid  entering  a  waterwheel  is  only 
80  feet  per  second.  In  steam  turbines  the  velocity  of  the  fluid  is 
usually  1,500  to  4,000  feet  per  second,  one  reason  being  that  the 
lower  density  demands  higher  velocity.  A  cubic  foot  of  water 
moving  80  per  second  has  kinetic  energy 

ni'i?      wv^       62ix80«       ^^^^, 
=  "2"  =  17  =    2  X  32.2  =  ^'^^^  foot-pounds. 

Dry  saturated  steam  at  100  lbs.  abs.  pressure  weighs  only  .23  lb. 
instead  of  62.5  lbs.  for  water,  hence 

.23  X  1,320^ 
2  >^  32,2     =  ^»210  foot-pounds, 

showing  that  its  velocity  must  be  1,320  feet  per  second  to  give 
the  same  energy.  The  chief  reason  for  high  speeds  in  steam 
turbines  is  the  physical  fact  that  the  particles  in  a  steam  jet  move 
very  rapidly.  If  1  lb.  of  dry  saturated  steam  at  285  lbs.  abs. 
pressure  be  expanded  adiabatically,  doing  work  on  nothing  but 
itself,  through  a  suitable  divergent  nozzle  into  a  space  in  which 
the  pressure  is  .6  lb.  abs.,  26.7  per  cent  of  the  steam  is  con- 
densed, and  the  heat-energy  given  up  is  386  B.T.U.  Hence 
kinetic  energy  =  386x  778  ft.-Ibs.  and  1 X^^  -^  2^  =  382x778,  or 
V  =  i/386  X  778  X  64.4  =  4,400  feet  per  second.  With  a  steam 
pressure  of  200  lbs.  abs.  against  atmospheric  back  pressure  the 
velocity  is  3,100  ft.  per  second,  and  into  a  28-inch  vacuum 
(.93  lb.  abs.)  it  is  4,127  ft.  per  second.  For  100  lbs.  abs. 
pressure  the  velocities  are  2,700  and  3,870  ft.  per  second  respec- 
rively. 

A  steam  turbine  compared  with  a  reciprocating  engine  has  the 
same  maximum  possible  efficiency  as  given  by  the  expression 

T  ^  T 

—^ji — ',  already  discussed  on  page  76.     The  causes,  however, 
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that  make  the  actual  efficiency  fall  below  this  theoretical  value 
are  largely  different  in  the  two  cases.  In  reciprocating  engines 
the  greatest  loss  is  usually  due  to  cylinder  condensation  (p.  152), 
by  which  the  cylinder  walls  cooled  by  the  exhaust  rob  the  enter- 
ing steam  of  considerable  heat.  This  cause  of  loss  does  not  ex- 
ist in  the  steam  turbine,  since  the  flow  is  continuous  and  in  the 
same  direction,  some  surfaces  being  in  contact  with  the  entering 
steam  and  some  with  the  exhaust,  but  none  with  both.  The 
"clearance  "  or  spaces  between  the  piston  and  the  ends  of  the 
cylinder,  also  in  the  passages  leading  to  the  valves,  occasions 
loss  in  reciprocating  engines,  but  does  not  apply  to  turbines.  Slide 
or  rotary  valves  which  may  allow  leakage  of  steam  in  engines  are 
not  used  in  steam  turbines.  Some  steam  leaks  in  the  latter 
around  the  periphery  of  the  wheels,  since  there  must  be  a  certain 
clearance  for  free  rotation,  but  with  many  wheels,  as  in  the 
Parsons  or  Curtis  types,  the  leakage  around  the  first  is  partly 
saved  in  the  next,  and  so  on.  For  the  single  De  Laval  wheel  the 
initial  expansion  is  nearly  complete,  and  therefore  little  tendency 
to  leak. 

Friction  in  the  best  reciprocating  engines  causes  a  loss,  of  7 
per  cent  or  more,  and  in  ordinary  engines  it  is  10  or  12  per 
cent,  owing  to  the  number  of  moving  parts,  while  in  the  turbine 
there  need  be  only  bearings  for  the  shaft.  Nevertheless,  the 
chief  loss  in  a  steam  turbine  is  due  to  the  friction  of  the  steam 
against  the  various  surfaces  and  against  itself,  even  when  it  is  dry 
and  at  low  pressure.  With  wet  steam  and  high  pressures  the 
loss  is  much  greater.  Excessive  friction  would  also  be  produced 
if  water  should  accumulate  by  condensation  and  come  in  contact 
with  the  rotating  parts.  Even  though  the  entering  steam  be 
perfectly  dry  it  will  be  partially  condensed  and  wet  after  it  ex- 
pands and  does  work,  unless  it  is  previously  superheated.  The 
efficiency  of  steam  turbines  is  greatly  increased  (Fig.  60<z)  by 
superheating,  and  the  gain  appears  to  be  more  than  thermo- 
dynamic principles  would  account  for,  the  explanation  being  that 
it  is  partly  due  to  reduced  friction.  An  advantage  of  the  steam 
over  the  hydraulic  turbine  is  the  fact  that  some  of  the  heat  gene- 
rated by  friction  is  restored  to  the  fluid  in  the  former,  whereas  it 
is  wholly  lost  in  the  latter. 
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The  use  of  a  condenser  raises  the  efficiency  of  a  steam  turbine 
even  more  than  in  the  case  of  a  reciprocating  engine  (Fig.  60^). 
This  additional  benefit  is  in  part  the  result  of  diminished  friction, 
but  there  are  other  important  reasons.  When  the  pressure  of 
saturated  steam  is  diminished  from  5  to  1  lb.  abs.  the  tempera- 
ture falls  from  162.4®  to  102°  F.,  whereas  a  lowering  of  pressure 
from  200  to  150  lbs.  abs.  reduces  the  temperature  only  from 
381.6**  to  358.2**  F.  (p.  90).  Consequently  there  is  great  thermo- 
dynamic advantage  in  having  a  good  vacuum  in  the  condenser. 

This  gain  is  partly  neutralized  in 
the  reciprocating  engine  by  ex- 
cessive cylinder  condensation  (p. 
152).  The  steam  turbine,  being 
free  from  this  trouble,  benefits 
greatly  by  improved  vacuum.  A 
'  further  limitation  of  the  recipro- 
cating engine  is  the  practical  im- 
possibility of  taking  full  advan- 
tage of  a  very  good  vacuum,  be- 
cause the  volume  of  the  steam 
increases  so  enormously  (p.  90) 
that  the  bulk  and  friction  of  the 
engine  would  be  excessive.  Hence  it  is  not  practicable  to  ob- 
tain more  than  10  to  20  "expansions."  On  the  other  hand, 
the  steam  simply  flows  through  a  turbine  at  very  high  velocity, 
so  that  100  expansions  can  easily  be  reached  without  requiring 
the  volume  of  the  machine  to  be  unduly  large. 

Economy  at  Light  Loads  is  another  point  of  superiority  of  the 
steam  turbine.  In  the  next  chapter  it  is  pointed  out  that  the 
steam  consumption  of  the  best  engines  per  H.  P. -hour  at  one- 
quarter  load  is  60  or  80  per  cent  greater  and  often  100  per  cent 
more  than  at  rated  load.  A  Curtis  turbine  is  shown  in  Fig.  60a 
to  require  only  about  18  per  cent  more  steam  per  K.W.-hour  at 
150  K'.  W.  than  it  does  at  rated  load  of  600  K.  W. 

The  Motion  of  the  turbine  being  rotary  and  constant,  there  is 
far  less  vibration  and  strain  than  in  reciprocating  engines,  so  that 
foundations  may  be  much  lighter  and  cheaper.  The  high  and 
uniform  speed  of  steam  turbines  is  advantageous  for  driving  alter- 


F\q  66a     Principie  of  De  Laval  Turbine. 
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nators  in  parallel  since  there  is  less  tendency  to  "hunt"  or 
vary  in  angular  velocity. 

Compactness  is  the  most  striking  characteristic  of  the  steam 
turbine,  as  illustrated  in  Fig.  60.  It  is  chiefly  due  to  very  high 
speed,  continuity  of  action,  and  distribution  of  strains. 

The  De  Laval  Steam  Turbine. — The  original  form  invented 
about  1883  was  on  the  principle  of  Hero's  engine,  the  modern 
type  with  expanding  nozzle  being  brought  out  in  1889.  The 
essential  elements  of  the  latter  are  represented  in  Fig.  f  6a  and 


Fig,  67.   Smitional  Plan  of  09  Laoai  SO'H.P.  $t9am  TUrtine* 

consist  of  a  single  rotating  wheel  of  steel  with  curved  blades 
which  form  passages  from  one  side  to  the  other  near  the  periph- 
ery. The  steam  impinges  upon  these  blades  from  a  number  of 
nozzles  with  divergent  orifices,  one  being  shown  in  section. 
This  form  secures  the  very  important  result  that  the  kinetic 
energy  in  the  issuing  jet  is  practically  equal  to  work  done  on  the 
piston  of  an  ideal  engine  by  the  same  volume  of  steam  with  equal 
ratio  of  expansion.  In  other  words  it  converts  heat-energy  into 
mechanical  energy  as  perfectly  as  the  second  law  of  thermo- 
dynamics allows  (pp.  76  and  91).  The  section  at  the  smaller  end 
must  be  sufficient  to  pass  the  requisite  quantity  of  steam,  and  at 
the  larger  end  to  obtain  the  proper  expansion.     If  the  nozzle 
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is  too  short  there  will  be  loss  due  to  eddying  currents  in  the  jet 
and  if  too  long  friction  becomes  excessive.  The  nozzles  are  more 
numerous  in  the  larger  turbines,  for  example,  the  225-H.P.  size 
as  built  in  England  has  9  nozzles  and  as  many  as  15  have  been 
used  in  still  larger  machines.  The  axis  of  each-  nozzle  is  set  at 
an  angle  of  20®  with  respect  to  the  plane  of  the  wheel. 

The  high  velocity  of  such  steam  jets  has  already  been  pointed 
out  (p.  182),  and  was  shown  to  be  3,100  and  4,127  ft.  per  second 
respectively  when  steam  at  200  lbs.  abs.  pressure  expands  to 
atmospheric  pressure  or  into  a  28-inch  vacuum  (.93  lb.  abs.). 
Theoretically  the  blades  should  have  one-half  the  speed  of  the 
jet  for  maximum  efficiency.  The  steam  would  then  be  delivered 
backward  with  respect  to  the  blades  at  the  same  velocity  with 
which  they  advance,  so  that  the  absolute  motion  is  zero  and  all 
the  kinetic  energy  given  up  to  the  wheel.  Practically  the  steam 
leaves  the  blades  at  a  considerable  angle  in  order  to  flow  away 
properly,  and  has  an  absolute  velocity  of  about  \  the  initial;  but 
it  carries  away  only  \  of  the  kinetic  energy  which  is  proportional 
to  the  square  of  the  velocity.  This  principal  is  further  explained 
in  connection  with  hydraulic  turbines  (Fig.  68).  Assuming 
4,000  ft.  per  second  for  the  jet,  which  is  not  uncommon,  theo- 
retically the  blades  should  move  about  2,000  ft.  per  second 
(22.7  miles  per  minute),  but  mechanical  limitations  due  to  cen- 
trifugal force,  etc.,  reduce  the  actual  speed  to  10,600  r.p.m.  or 
1,380  ft.  per  second  (15.6  miles  per  min.)  for  the  300-H.P.  wheel, 
the  diameter  of  which  from  center  to  center  of  blades  is  30  inches, 
the  peripheral  velocity  being  5  per  cent,  higher.  The  5-H.P. 
wheel,  with  a  mean  diameter  of  4  inches,  turns  at  30,000  r.p.m. 
or  500  ft.  per  second.     The  centrifugal  force  for  each  pound  at 

15  inches  or  1.25  ft.  radius  is  —  =  \^  ^f  ^^^'  =  47,600  lbs.  = 

r         32  X  1.2o  ' 

23.8  tons,  and  for  each  blade  weighing  i^  lb  it  is  nearly  one  ton. 

To  withstand  this  enormous  stress  the  larger  wheels  are  made 

thick  near  the  center  and  taper  toward  the  periphery,  as  shown 

in  Fig.  57. 

At  these  extreme   speeds  vibration  is  excessive  unless   the 

wheel  rotates  about  its  center  of  mass  and  it  is  practically  impos-^ 

sible  to  obtain  a  perfect  balance  with  respect  to  a  fixed  axis. 
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This  difficulty  is  avoided  in  the  De  Laval  turbine  by  using  a  long 
shaft  of  small  diameter  (Figs.  56a  and  57)  that  is  sufficiently 
flexible  to  permit  the  wheel  to  choose  its  own  axis  of  rotation, 
which,  above  a  certain  critical  speed,  passes  through  the  center 
of  mass.  The  6-H.P.  turbine  has  a  spindle  f  inch  in  diameter 
and  1^  inches  for  the  300-H.P.  size,  their  torsional  strength 
being  ample  to  transmit  the  power  at  the  very  high  speeds. 

It  is  not  practicable  to  run  electric  generators  at  10,000  to 
30,000  r.p.m.,  hence  the  speed  is  reduced  by  gearing  to  775  and 
3,000  r.p.m.  respectively.  In  Fig.  57  the  turbine  A  is  mounted 
on  the  spindle  RS  of  hard  steel  which  carries  two  pinions  y  en- 
gaging with  two  gear-wheels  K  on  the  shaft  Z,  the  generator 
being  directly  connected  to  the  latter  by  the  coupling  M.  The 
gearing  is  double-helical,  as  represented,  in  order  to  reduce  the 
noise  and  strains,  the  speed  of  the  teeth  being  very  high  — about 
100  ft.  per  second  for  all  sizes.  A  comparison  between  the  space 
occupied  by  the  gearing  JK  and  by  the  turbine  A  is  striking. 
The  eight  sizes  up  to  55  H.P.  are  made  in  the  general  form  shown 
in  Fig.  57,  but  the  five  sizes  from  75  to  300  H.P.  have  gear- 
wheels on  both  sides  of  the  pinion  driving  two  shafts,  to  each  of 
which  a  generator  is  directly  connected. 

A  centrifugal  governor  mounted  on  the  lower-speed  shaft 
regulates  the  flow  of  steam.  In  condensing  turbines  a  valve 
controlled  by  the  governor  admits  air  to  the  turbine  casing  and 
thus  varies  the  back  pressure.  This  governor  should  act  only 
for  small  variations  in  load  because  throttling  the  steam  or  admit- 
ting air  reduces  the  efficiency;  hence  considerable  changes  in 
power  should  be  effected  by  varying  the  number  of  nozzles  in  use. 
This  may  be  accomplished  by  an  arrangement  similar  to  that 
employed  for  the  Curtis  turbine. 

The  friction  of  the  steam  against  the  rotating  wheel  has 
already  been  stated  to  be  very  considerable  at  high  speeds,  and 
is  closely  proportional  to  the  density  of  the  medium.  The 
de  Laval  wheel,  which  is  single,  turns  in  steam  at  about  atmos- 
pheric pressure  for  non-condensing  and  in  a  partial  vacuum  for 
condensing  operation.  This  has  been  noted  as  an  additional 
reason  for  using  condensers  with  turbines.     In  the  Parsons  and 
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Curtis  types  with  many  wheels,  the  pressure  is  low  only  for  the 
last  ones,  being  quite  high  for  the  first* 


The  Parsons  Steam  Turbine^  the  original  form  of  which  was 
invented  in  1884,  differs  radically  from  the  de  Laval  type  in  hav- 
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ing  many  rings  of  blades  instead  of  a  single  wheel,  the  general 
construction  being  shown  in  Fig.  58.  The  steam  enters  at  A  and 
passes  to  the  right  through  the  series  of  blades  to  the  exhaust 
chamber  B.  There  is  first  a  set  of  stationary  blades,  then  one  of 
moving  blades  and  so  on  alternately,  similar  to  the  Curtis 
arrangement  represented  in  Fig.  59,  but  expanding  nozzles  are 
not  employed  at  the  influx  or  at  later  stages,  the  expansion  being 
obtained  by  progressive  enlargement  of  the  passages.  This  is 
secured  by  increasing  the  depth  of  the  blades,  and  when  a  practical 
limit  is  reached,  th^  diameter  of  the  wheel  is  made  larger,  as  at  E 
and  G.  On  the  left  of  the  steam  inlet  A  there  are  balance- 
pistons  (C,  C,  C)  corresponding  to  the  different  diameters  of  the 
turbine,  being  1  to  4  in  number  according  to  size.  These  prac- 
tically neutralize  the  end-thrust  of  the  steam,  a  small  thrust-bear- 
ing (//)  being  introduced  to  take  care  of  slight  inequalities.  There 
is  a  little  clearance  around  each  piston,  but  the  leakage  of  steam 
is  small.  A  pipe  (AT)  connects  the  back  of  the  balance  pistons  at 
L  with  the  exhaust  chamber  to  equalize  the  pressure.  There 
are  three  bearings  {J,JjJ)y  each  comprising  a  gun-metal  sleeve 
and  three  concentric  tubes  with  small  clearances  between  them. 
These  fill  up  with  oil  and  permit  a  very  straight  vibration  of  the 
shaft,  so  that  it  may  rotate  about  its  axis  of  mass,  the  result  being 
similar  to  that  obtained  by  de  Laval's  flexible  shaft.  The  oil 
drains  from  the  bearings  into  the  chamber  -tV,  from  which  it  is 
forced  by  the  pump  M  into  the  reservoir  O,  to  be  used  over 
again  by  gravity.  A  by-pass  valve  admits  high-pressure  steam 
through  Q  to  the  space  E,  enabling  60  per  cent  overload  to  be 
carried  with  somewhat  reduced  efficiency  for  emergencies  or 
temporary  conditions. 

The  governor  is  of  the  fly-ball  centrifugal  type  (Fig.  58),  and 
so  arranged  that  in  its  middle  position  it  admits  full  steam  pres- 
sure. A  movement  in  either  direction  tends  to  reduce  the  sup- 
ply, so  that  in  case  of  short-circuit  or  other  excessive  load  the 
steam  is  shut  off"  instead  of  being  increased  in  amount. 

The  Curtis  Steam  Turbine  consists  of  a  series  of  stationary 
expanding  nozzles  N  in  Fig.  59,  from  which  the  steam  passes  suc- 
cessively through  two  or  three  rings  of  revolving  blades  MM  on 
the  rotating  wheel,  being  placed  alternately  with  rings  of  reversed 
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blades  on  the  stationary  element.  A  set  consisting  of  several  lines 
of  moving  and  stationary  blades,  as  represented,  is  called  a  stage, 
of  which  there  are  from  two  to  five.  The  steam  flows  through 
these  stages,  being  introduced  each  time  through  expanding  nozzles 
formed  in  a  fixed  diaphragm  that  separates  one  stage  from  the 
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Fig,  69,    PrinelplB  of  Curtis  Stsam  Turblm. 


next.  The  total  number  of  rings  of  moving  blades  M  is  usually 
from  6  to  10,  being  8  for  2000  K.  W.;  consequently  in  this  respect 
the  Curtis  type  is  a  compromise  between  the  simple  de  Laval  wheel 
and  the  numerous  rings  of  the  Parsons  turbine,  of  which  there  are 
58  in  the  375  K.  W.  size  and  about  70  in  the  2000  K.  W.  size,  as 
built  by  the  Westinghouse  Machine  Company. 

The  diameter  of  the  Curtis' wheel  is  considerably  greater  than 
that  of  the  de  Laval  or  Parsons,  being  about  6i  feet  for  500  K.  W. 
and  12i  feet  for  5000  K.  W.,<:ompared  with  2\  feet  for  the  200  K.  W. 
de  Laval,  about  2  feet  for  the  375  K.  W.  Westinghouse-Parsons, 
and  6  feet  for  the  2000  K.  W.  turbine  of  that  design,  the  last  two 
being  maximum  diameters  at  the  large  end  (Fig.  58).  On  account 
of  increased  diameter  the  speeds  of  the  Curtis  turbines  are  much 
lower  than  those  of  the  de  Laval  or  even  Parsons  type.  The  first 
runs  at  1800  r.  p.  m.  for  500  K.  W.  and  500  r.  p.  m.  for  5000  K.  W.; 
the  de  Laval  at  20,000  r.  p.  m.  for  20  K.  W.  and  10,600  r.  p.  m.  for 
300  K.  W.;  and  the  Westinghouse-Parsons  at  3600  r.  p.  m.  for 
375  K.  W.  and  1000  r.  p.  m.  for  2000  K.  W.  The  speed  of  the 
blades  in  the  Curtis  wheel  is  between  300  and  400  feet  per  second; 
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for  the  200  K.  W.  de  Laval  it  is  1380  feet  per  second;  and  about 
200  to  300  feet  per  second  for  various  sizes  of  Parsons  turbines. 

The  governing  of  the  Curtis  turbine  is  effected  by  opening  and 
closing  the  nozzles,  two  of  which  are  shown  open  and  three  closed 
in  Fig.  59,  the  total  number  being  from  4  to  20  in  each  stage.  The 
nozzles  of  the  later  stages  may  be  operated  in  correspondence 
with  those  of  the  first  stage,  some  improvement  in  light-load 
economy  being  thus  secured;  but  usually  the  gain  is  small  and 
<loes  not  warrant  the  complication  involved.  In  some  cases  an 
approximate  adjustment  is  maintained  by  automatic  valves  in 
later  stages  which  control  the  nozzles  in  accordance  with  the  pres- 
sure behind  them.  These  are  introduced  as  much  to  limit  the 
pressures  in  stage  chambers  as  to  improve  the  light-load  economy. 
The  governor  is  of  the  fly-ball  centrifugal  type,  connected  by  a 
steel  ribbon  to  a  device  that  opens  and  closes  the  various  nozzles. 
In  some  cases  the  nozzles  are  operated  electromagnetically  and 
in  others  by  steam  relay  valves. 

For  direct  connection  with  electric  generators  the  Curtis  tur- 
bine is  usually  made  in  the  vertical  form  represented  in  Fig.  60. 
The  step  bearing  that  carries  the  weight  of  the  moving  parts  is 
very  simple  and  successful.  It  consists  of  an  enlargement  AB 
at  the  foot  of  the  main  shaft  CD  which  rests  on  a  flat  surface  EF 
(Fig-  60c).  Oil  is  pumped  into  the  central  space  G  under  a  high 
pressure  somewhat  greater  than  the  weight  carried  per  square  inch 
of  surface,  the  shaft  being  actually  lifted  from  .004  to  .010  inch, 
so  that  it  floats  upon  a  film  of  oil.  The  moving  mass  of  the 
5000  K.  W.  turbine  weighs  64  tons,  yet  the  friction  is  so  small  that 
it  can  be  turned  by  applying  one  finger  to  the  periphery  of  the 
wheel,  which  is  12J  feet  in  diameter.  In  case  the  pump  fails,  there 
is  an  automatic  stop,  but  the  effect  of  shutting  off  the  oil  supply  is 
merely  to^  wear  off  the  surfaces  about  .01  inch,  without  serious 
harm.  It  is  also  found  that  water  at  high  pressure  may  be  used 
instead  of  oiL  The  flow  of  oil  or  water  is  small,  the  power  required 
to  drive  the  pump  being  much  less  than  1  per  cent  of  the  total 
output  of  the  generator. 

The  combined  turbine  and  5000  K.  W.  alternator  are  14  feet 
10  inches  in  diameter  at  the  base  and  25i  feet  high  above  the  floor. 
In  Fig.  60  this  combination  is  compared  in  size  with  a  Corliss 
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Fig.  60,    CompariBon  of  5000  K.  W.  Engine  and  Curtis  Steam  Turbine. 
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fig.  60a,    Curtis  Turbine  without  and  with  Super- 
heating. 
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Fig.  60c.    Step  Bearing, 
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engine  also  directly  connected  to  a  5000  K.  W.  alternator  as  installed 
in  the  Manhattan  Raflway  power  station,  New  York  City.  The 
speed  of  the  former  is  500  and  of  the  latter  75  r.  p.  m,,  which 
largely  accounts  for  the  great  difiference  in  size,  the  total  weights 
in  the  two  cases  being  in  the  ratio  of  1  to  8. 

The  curves  in  Fig.  60a  give  results  obtained  from  a  600  K.  W. 
Curtis  steam  turbine  at  1500  r.  p.  m.,  under  140  lbs.  pressure,  a 
vacuum  of  28.5  inches,  without  superheating  (1)  and  with  150°  F. 
superheat  (2).  It  is  shown  in  Fig.  606  that  the  economy  is 
improved  in  direct  proportion  to  the  vacuum  in  the  condenser. 
In  other  words,  the  turbine  takes  full  advantage  of  the  highest 
degrees  of  expansion,  the  reciprocating  engine  being  limited  in 
this  respect,  as  already  pointed  out. 

The  Rateau  Steam  Turbine  resembles  the  Parsons  type  in 
having  many  rings  of  blades  of  moderate  diameter  mounted  upon 
a  long  shaft,  but  differs  from  the  latter  in  the  respect  that  each 
ring  of  blades  revolves  in  a  compartment  of  its  own.  The  object 
of  this  construction  is  to  avoid  leakage,  which  is  one  of  the  chief 
difficulties  in  these  machines.  It  has  been  explained  that  the  initial 
expansion  is  practically  complete  in  the  de  Laval  wheel,  hence 
there  is  little  difference  in  pressure  to  produce  leakage.  On  the 
other  hand,  a  single  wheel  must  run  at  extremely  high  speeds.  In 
the  Parsons  turbine  peripheral  speed  is  reduced  by  employing 
many  wheels,  but  these  involve  differences  of  pressure  and  leakage 
between  each  space  and  the  next.  This  is  not  all  loss,  because 
steam  that  leaks  at  one  point  may  be  utilized  later;  nevertheless 
the  clearances  are  made  so  small  that  almost  perfect  design  and 
workmanship  are  demanded,  and  even  then  trouble  often  results. 
A  Curtis  turbine  has  two  to  five  "stages"  separated  by  diaphragms 
to  reduce  leakage,  with  two  or  three  rings  of  moving  blades  in  each. 
The  Rateau  arrangement  separates  each  wheel  from  the  next  by 
a  diaphragm,  which  involves  more  complicated  construction. 

Difficulties  with  Steam  Turbines  are  chiefly  due  to  the  small 
clearances  considered  above,  and  to  high  speeds.  Expansion  of 
the  parts,  especially  with  high  pressure  and  superheated  steam,  is 
likely  to  allow  the  moving  parts  to  strike  or  rub  against  the  sta- 
tionary parts.  Unequal  expansion  of  the  frame  may  also  cause  the 
bearings  to  bind  the  shaft  and  prevent  its  free  rotation. 


194  ELECTRIC  LIGHTING. 


CHAPTER    XII. 

STEAM-BNaiNES   FOR  HLBCTRIC  IiIGHTINa. 
BISUBCnON,  INSTAIJ:iA.TIOir,  ANI>  MANAQmOGNT. 

The  selection  of  the  best  size  and  type  of  steam-engine  for 
a  given  electric  lighting  plant  is,  next  to  the  choice  of  the  system 
itself,  the  most  important  questipn  which  the  engineer  has  to 
decide,  since  the  satisfactory  operation  and  working  expenses  of 
the  station  are  directly  dependent  upon  it. 

The  number  of  units  in  large  central  stations,  whether  steam- 
engines  or  dynamos,  should  be  sufficient  so  that  the  disabling  of 
one  will  not  interfere  with  the  proper  running  of  the  station  ;  and^ 
if  possible,  the  number  and  size  of  units  should  be  such  that  twa 
of  them  may  break  down,  and  still  allow  the  plant  to  carry  its  full 
load.  The  same  idea  may  be  expressed  somewhat  differently  by 
stating  that  no  unit  should  be  more  than  one-quarter  to  one-tenth 
of  the  total  capacity  of  the  plant,  and  there  should  be  one  or  two 
spare  machines.  In  very  small  plants  it  is  obviously  impracti- 
cable to  subdivide  the  power  into  many  units,  but,  even  in  that 
case,  it  is  always  desirable  to  have  at  least  two  engines ;  and,  if 
possible,  each  of  them  should  be  capable  of  carrying  the  ordinary 
load,  or  such  a  large  fraction  of  it,  that  a  sufficient  number  of 
lights  can  be  run  to  give  a  reasonable  supply,  and  not  cause 
serious  inconvenience  in  case  of  a  stoppage  of  one  engine. 

In  central  stations  of  medium  size  the  number  of  engines  should 
be  intermediate  between  those  of  a  large  station  and  a  small  plants 
that  is,  from  3  to  6.  There  are  exceptions  to  these  general  rules, 
some  stations  having  one  or  two  very  large  engines  connected 
to  a  few  large  dynamos,  or  to  a  number  of  small  ones.  This 
plan  has  the  advantage  of  simplicity  and  low  first  cost ;  but  it 
has  the  disadvantages  of  practically  shutting  down  the  station  if 
anything  happens  to  one  engine,  and  the  economy  of  running 
a  large  engine  during  periods  of  light  load  would  be  very  low. 
In  fact,  one  or  two  auxiliary  engines  of  smaller  size  would  be  a 
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very  desirable  addition  to  such  a  plant,  not  only  as  a  safeguard 
in  case  of  a  breakdown  of  the  main  engine,  but  also  for  use  when 
the  load  is  small.  This  would  make  the  total  number  of  engines 
about  three  or  four. 

The  relative  size  of  the  units,  that  is,  the  question  whether  they 
should  be  of  the  same  or  of  different  power,  is  often  a  perplexing 
point.  The  chief  advantage  of  uniformity  in  size  is  the  inter- 
changeability  of  parts,  and  the  possibUity  of  having  one  or  two 
spare  parts  which  can  be  used  in  any  engine  that  may  happen 
to  require  them.  On  the  other  hand,  the  adoption  of  engines  of 
different  sizes  may  result  in  greater  convenience  and  increased 
all-day  efficiency  of  the  plant ;  for  example,  in  an  isolated  plant 
with  which  the  author  is  familiar,  there  is  one  engine  and  dynamo 
of  750  lights  capacity,  and  one  of  250  lights,  giving  a  total 
capacity  of  1,000  lights.  During  the  day  and  late  at  night  the 
smaller  engine  can  be  run  very  economically  with  the  load,  which 
varies  between  100  and  200  lights.  When  the  load  increases  at 
the  approach  of  darkness,  the  larger  engine  is  substituted  for  the 
smaller,  and  supplies  power  for  the  500  to  700  lights  which  are 
used  during  the  evening.  In  this  way  each  engine  is  almost 
perfectly  suited  to  its  load  for  long  periods  of  time,  the  interval 
between  the  light  load  of  the  day  and  the  heavy  load  of  the  even- 
ing being  so  short  that  the  larger  engine  has  to  run  for  only 
a  few  minutes  at  an  uneconomically  light  load ;  and  for  an  unusu- 
ally large  load  both  engines  can  be  run  at  the  same  time.  In  the 
design  of  central  stations  a  similar  judicious  selection  of  engines 
may  give  excellent  results.  For  instance,  large  compound  or 
triple-expansion  engines  may  be  operated  almost  continually  to 
carry  the  permanent  portion  of  the  load  with  high  economy,  but 
for  the  maximum  load,  which  usually  lasts  only  an  hour  or  two, 
cheaper  and  simpler  engines  may  be  used. 

A  little  ingenuity  and  judgment  will  suggest  many  other  simi- 
lar plans  by  which  convenience  and  efficiency  can  be  secured. 
Careful  adaptation  of  the  size,  number,  and  type  of  the  engines 
will  largely  overcome  the  serious  drawback  of  low  economy  in 
electric-lighting  plants,  which  arises  from  operating  steam-engines 
with  light  loads  and  variable  loads.  In  nearly  every  case  it  would 
be  possible  to  so  select  the  engines  that  at  no  time  would  any  one 
or  more  of  them  be  running  below  60  or  above  125  per  cent  of 
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its  normal  load.  The  latter  limit  is  allowable,  at  least  temporarily, 
and  avoids  the  very  low  efficiency  that  results  from  running  an 
engine  at  a  small  fraction  of  its  fuH  powei.  This  arrangement 
might  not  be  possible  where  the  variations  in  load  are  very  sudden, 
as  in  small  electric-railway  plants;  but  in  electric  lighting,  espe- 
cially with  large  installations,  the  changes  are  usually  gradual 
and  almost  always  allow  time  to  put  on  or  take  off  engines. 

This  scheme  would  serve  to  accompUsh  practically  the  same 
result  as  the  use  of  storage  batteries  in  enabling  the  engines 
always  to  be  run  at  high  efficiency,  and  would  avoid  the  compli- 
cation of  storage  batteries  and  the  loss  of  energy  which  occurs  in 
charging  and  discharging  them.  In  some  cases  the  carrying  out 
of  this  idea  might  be  difficult,  either  because  the  load  is  continu- 
ally varying  throughout  the  entire  twenty-four  hours  of  the  day, 
or  because  the  number  of  lamps  connected  to  the  station  might 
increase  so  that  a  proper  proportion  in  the  size  of  engines  in  the 
beginning  might  not  be  right  a  few  months  afterwards;  and 
the  conditions  would  also  change  greatly  with  the  season  of  the 
year.  This,  however,  could  be  foreseen  more  or  less,  and  could 
be  provided  for  in  originally  planning  or  increasing  the  capacity 
of  the  plant.  This  matter  is  treated  further  in  connection  with 
storage  batteries  in  Chapter  XXI. 

In  general  it  may  be  stated  that  in  central  stations  or  lai^e 
isolated  plants  it  is  allowable,  and  may  be  desirable,  to  have  two 
sizes  of  engines.  But  more  than  this  are  objectionable.  Many 
plants  are  in  the  unfortunate  position  of  having  installed  several 
different  sizes  and  types  of  engines  at  various  periods  of  their  history, 
corresponding  to  the  conditions  existing  at  each  time.  In  many 
cases  this  cannot  be  helped;  but  often  a  little  foresight  will  save 
a  plant  from  becoming  a  museum,  which  represents  by  numerous 
examples  the  progress  of  steam  and  electrical  engineering. 

The  type  selected  is  largely  determined  by  the  size,  small  engines 
being  usually  simple,  and  larger  ones  compound.  Similarly,  small 
engines  may  have  high  speed,  and  large  engines  should  be  of  low 
or  medium  speed.  If  floor-space  is  valuable  or  limited,  a  vertical 
engine  or  steam  turbine  may  be  chosen.  The  matter  of  direct 
driving,  belting,  and  other  forms  of  connection  between  engine 
and  generator  is  fully  discussed  in  Chapter  XV,  but  the  first  has 
novj  become  almost  universal. 


SELECTION  AND  MANAGEMENT  OF  STEAM-ENGINES,     197 

The  proper  size,  number,  and  type  of  electric  generators  to 
select  is  considered  in  Chapter  XIX;  but  the  question  is  not  so 
important  as  in  the  case  of  engines,  for  the  reason  that  the  former 
can  be  run  at  half  or  even  one-quarter  load  without  serious  impairment 
of  efficiency.  It  is  also  a  fact  that  they  can  be  started  and  stopped 
much  more  quickly  and  easily  than  a  steam-engine,  and  without 
the  loss  of  energy  involved  in  heating  up  the  latter.  Furthermore, 
a  generator  can  be  run  free  with  about  4  to  6  per  cent  of  full  power 
even  when  the  field-magnet  is  excited,  and  with  about  3  per  cent 
if  the  field  is  not  excited,  whereas  the  friction  of  a  steam-engine 
is  7  to  12  per  cent  of  its  rated  power;  hence  there  is  much  greater 
likelihood  of  mistake  and  loss  in  selecting  or  handling  steam-engines. 

The  relative  advantages  of  simple  and  compound,  also  con- 
densing and  non-condensing  engines,  the  electric-light  engineer  is 
called  upon  to  determine.  Authorities  often  disagree  on  these 
questions,  because  so  much  depends  upon  the  particular  type  and 
size  of  engine,  and  the  conditions  of  use  in  each  case. 

Simple  and  compound  engines  have  already  been  compared 
in  a  general  way  on  page  152.  In  the  actual  selection  and  use  of 
an  en'gine  the  simple  or  single-cylinder  type  has  the  great  advan- 
tage of  simplicity.  This  is  particularly  important  in  smaller  sizes, 
and  below  about  50  horse-power  it  is  doubtful  if  the  saving  in  coal 
by  a  compound  engine  is  worth  the  increased  first  cost  and  care 
which  the  additional  complication  involves.  When,  however,  the 
size  of  an  engine  becomes  considerable,  it  is  a  positive  advantage 
to  increase  the  number  of  parts  in  order  to  reduce  the  weight  of 
each,  so  that  they  are  more  easily  handled  in  building  ^nd  repairing 
the  engine.  For  vertical  engines  in  particular  it  is  evidently  better 
in  appearance  and  construction  to  have  two  or  more  cylinders 
arranged  side  by  side  than  to  have  one  large  and  clumsy  cylinder. 

The  chief  merit,  however,  claimed  for  compound  engines  is 
their  higher  economy;  but  it  has  already  been  pointed  out  (page  154) 
that  a  great  deal  of  this  gain  is  due  to  the  higher  steam  pressure 
per  se,  and  that  the  economy  of  a  simple  engine  is  also  considerably 
raised  by  increased  pressure.  The  principal  objection  to  the  use 
of  simple  engines  with  high  pressures,  and  therefore  high  temper- 
atures, is  the  great  range  of  temperature  that  tends  to  cause  large 
losses  by  cylinder  condensation  (p.  152). 

Another  advantage  of  multiple-cylinder  engines  is  the  distri- 
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bution  of  strains;  and  for  incandescent  lighting  the  flickering  of  the 
lamps  due  to  variation  in  speed  at  different  points  of  stroke  is 
practically  avoided  by  having  two  cranks  acting  at  90°,  or,  better 
yet,  three  cranks  at  120°.  These  arrangements  are  also  better  for 
operating  alternators  in  parallel.  Some  types  of  compound  engine, 
as,  for  example,  the  tandem-compound,  have  only  a  single  crank, 
or  the  cranks  act  at  the  same  angle,  or  at  180°,  and  the  effect  of 
the  "dead  center"  is  the  same  as  in  a  single-cylinder  engine. 

Condensing-engines  have  already  been  discussed  on  page  147. 
In  general  it  may  be  said  that  they  are  desirable,  provided  a  suit- 
able supply  of  condensing  water  is  available  and  reliable,  and  pro- 
vided the  size  of  the  plant  warrants  the  expense  and  complication 
of  condenser,  pumps,  connections,  etc.  The  condenser  has  the 
effect  of  reducing  the  back  pressure  12  to  14  lbs.  below  that  of  the 
atmosphere,  which  corresponds  to  a  vacuum  of  about  24  to  28  inches 
of  mercury.  It  is  important,  however,  to  note  that  the  difference 
in  temperature  between  steam  at  atmospheric  pressure  (14.7  lbs. 
absolute)  and  at  a  condenser  pressure  of  1  lb.  absolute  is  212°  — 102° 
=  110°  F.;  whereas  the  difference  in  temperature  of  steam  at  114  lbs. 
and  100  lbs.  absolute  pressure  is  only  337.2° -327.6° =9.6°  F.,  which 
is  less  than  one-tenth  as  much.  For  higher  pressures  the  tem- 
perature difference  is  still  less  for  a  given  dif- 
T  ^     ference  in  pressure.    Hence  the  eflSciency  gained 

70-  p-m^^v^^^^      (see  page  91)  by  reducing  the  pressure  at  the 
lower  limit  is  far  greater  than  by  increasing 
it  at  the  upper  limit.    This  is  clearly  sho^ivTi 
in  indicator  diagrams,  where,  for  example, 
the  area  included  between  the  lines  of 
10  and  20  lbs.  pressure  is  usually 
much  greater  than  between 
60  and   70  lbs.,   as 
represented  in  Fig. 
61.    The  losses 
0  by     conduction 

Fig.  61,    Power  CorrB9pondlng  to  Dijfennt  Rang99  of  Pr—Burt.  and        radiation 

are  also  less  in 
condensing  engines  with  a  given  effective  pressure,  since  the  average 
temperature  is  nearer  that  of  the  atmosphere.  For  steam-turbines 
the  condenser  is  particularly  important,  as  shown  on  pp.  184  and  192. 
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The  best  point  oj  cut-off  is  almost  always  given  as  being  between- 
\  and  i  of  the  stroke  for  a  simple  engine,  and  about  J  for  com- 
pound engines.  An  earlier  cut-oflF  is  considered  objectionable 
because  it  increases  the  ranges  of  temperature,  and  therefore  cylin- 
der condensation.  The  cut-oflF  which  gives  the  least  steam  con- 
sumption per  horse-power  may  be  raised  somewhat  in  practice 
because  the  power  of  the  engine  increases  with  the  cut-oflF  (not 
proportionally,  however)  and  a  proper  compromise  between  run- 
ning expense  and  first  cost  should  be  made.  Moreover,  engines 
usually  run  much  of  the  time  below  rated  power,  hence  the  aver- 
age load  would  correspond  more  closely  to  the  most  economical 
point  of  cut-off. 

A  steam-jacket  around  the  cylinder  is  often  reconmtiended  ta 
reduce  cylinder  condensation,  but  it  is  seldom  used  in  practice.. 

Superheated  steam  is  also  highly  recommended  for  the  same 
reason;  but  it  is  not  very  conmionly  employed,  owing  to  the  diffi- 
culty of  obtaining  it.  The  decided  improvement  in  steam-turbine 
economy  due  to  superheating  has  led  to  its  more  frequent  use  in 
that  case  (p.  184  and  Fig.  60a).  The  subject  of  superheated  steam 
has  been  treated  by  C.  A.  Hutchinson  and  by  E.  H.  Foster.* 

xoovoMT  ov  BTSAM-xarannDS  with  vabiable  IiOads. 
In  electric  lighting  many  plants  are  run  for  a  large  part  of  ther 
time  at  light  load.  The  effect  of  this  on  the  economy  of  an  engine 
is  very  detrimental;  the  result  being  that  the  coal  consumption 
in  many  electric-light  stations,  as  well  as  small  plants,  is  about 
twice  as  great  as  if  the  same  total  number  of  horse-power  hours 
were  developed  by  engines  running  uniformly  at  full  load.  Pro> 
fessor  R.  C.  Carpenter  has  discussed  this  important  matter  quite 
fully  in  a  paper  on  "The  Variation  in  Economy  of  the  Steam- 
engine  due  to  Variation  in  Load."t  He  gives  the  pounds  of  water 
per  horse-power  hour  required  by  the  various  types  of  engine  with 
'hi  i>  h  \i  1>  li>  and  IJ  times  their  rated  capacity;  and  the  general 
fact  is  that  the  steam  and  also  coal  consumption  per  horse-power 
are  30  to  50  per  cent  greater  at  \  load  than  at  the  rated  load,  and 
are  about  twice  as  great  at  \  load.    It  is  claimed  that  the  best 

♦  Trans.  Anifr,  Soc,  Mech,  Eng,,  May,  1901. 

f  Trans,  Anur,  Inst,  EUc,  Eng,,  vol.  x.,  May  17,  1898. 


200  ELECTRIC  LIGHTING. 

engines  consume  only  70  or  80  per  cent  more  steam  per  H.P.  at 
\  load,  but  in  most  cases  100  per  cent  is  nearer  the  fact.  This 
applies  to  actual  or  brake  H.P.  and  not  to  indicated  H.P.  The 
variation  in  economy  is  not  great  between  |  and  \\  times  the  rated 
load;  but  beyond  these  Umits,  particularly  below,  the  increase  in 
steam  consumption  is  very  rapid,  and  we  should  therefore  carefully 
avoid  operating  an  engine  except  within  this  range  of  power.  It 
was  pointed  out  in  the  beginning  of  this  chapter  that  a  judicious 
selection  of  the  type,  number,  and  size  of  engines  will  usually  enable 
each  engine,  while  in  operation,  to  be  run  within  the  economical 
limits  of  load. 

The  friction  of  most  steam-engines  is  between  7  and  12  per 
cent,  and  does  not  vary  greatly  for  diflferent  loads.  The  higher 
figure  is  for  condensing  engines  and  includes,  as  it  should,  the  fric- 
tion of  the  air-pump.  Friction  is  such  a  large  factor  in  engines 
that  it  makes  a  great  difference  whether  we  consider  indicated 
power  or  developed  power.  For  example,  at  \  of  the  indicated 
load  the  actual  power  is  only  about  \  of  the  full  value,  and  the  cor- 
responding economy  is  extremely  low. 

The  mistake  of  running  steam-engines  underloaded  is  very 
common,  and  is  responsible  for  a  large  part  of  the  inefficiency  of 
electric  light  and  power  plants.  The  point  of  maximum  efficiency 
is  almost  always  made  to  correspond  with  the  maximum  load,  whereas 
it  should  approximate  the  average  load,  since  the  full  load  may  only 
exist  for  a  few  minutes  each  day.  In  other  words,  the  engine  should 
develop  the  average  power  at  the  best  point  of  cut-off,  as  already 
stated  on  the  preceding  page.  Moreover  the  efficiency  is  not 
reduced  as  much  by  overload  as  by  underload.  Engines  consume 
only  5  or  10  per  cent  more  steam  per  H.P.  when  50  per  cent  over- 
loaded; but  they  require  30  to  50  per  cent  more  steam  per  H.P. 
at  half-load.  An  engine  is  not  injured  by  overloading,  the  only 
effect  being  to  decrease  its  speed,  which  may  be  counteracted  by 
raising  the  steam-pressure,  or  by  regufating  the  dynamo.  This 
plan  would  also  save  in  first  cost,  since  the  rated  power  would  be 
four-fifths  of  the  maximum  output,  assuming  only  25  per  cent  over- 
load capacity.  When  designed  to  run  with  temporary  overloads 
they  are  often  called  "heavy  duty"  engines,  as  described  in  Chap- 
ter XL 
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With  a  light  load  the  low-pressure  cylinder  of  a  non-condens- 
ing compound  engine  performs  little  or  no  work,  because  the  gov- 
ernor allows  only  a  small  weight  of  steam  to  be  admitted  to  the 
high-pressure  cylinder.  If,  for  example,  the  quantity  of  steam  is 
such  that  it  expands  to  atmospheric  pressure  in  the  first  cylinder, 
then  the  piston  of  the  second  cylinder  must  do  work  against  the 
back  pressure  of  the  atmosphere,  and  thus  acts  as  a  drag.  Even 
with  a  heavier  load,  when  the  action  of  the  second  cylinder  is  not 
entirely  negative,  it  would  be  desirable  to  disconnect  it  in  order  to- 
eliminate  its  friction  and  complication.  In  a  condensing-engine,. 
on  the  other  hand,  the  back  pressure  is  largely  removed  and  the 
second  cylinder  always  performs  part  of  the  useful  work.  Hence, 
for  light  or  variable  loads,  it  may  not  be  desirable  to  employ  com- 
pound engines  except  with  condensers. 

Foundations  for  Steam-engines. — ^These  have  already  been  con- 
sidered on  page  59,  and  the  means  for  avoiding  the  transmission 
of  vibration  from  the  engines  were  there  explained. 

The  setting  of  the  engine  upon  the  foundation,  and  adjusting 
all  of  the  parts  in  perfect  alignment,  should  be  carried  out  in  the 
most  careful  manner.  Almost  all  engines  of  loo  horse-power  or 
less  are  provided  with  a  cast-iron  frame  or  base,  upon  which  all 
the  parts  are  mounted,  and  which  makes  the  engine  self-contained. 
This  faciUtates  the  setting  of  the  engine,  and  avoids  the  possi- 
bility of  the  pillow-block  or  other  parts  getting  out  of  Une  by  the 
settling  of  a  portion  of  the  foundation.  In  very  large  engines^ 
particularly  if  horizontal,  it  is  not  ordinarily  practicable  to  mount 
hem  entirely  upon  one  base;  and  one  pillow-block  or  bearing  is 
mounted  on  a  separate  foundation,  in  which  case  it  is  of  vital  impor- 
tance that  the  foundations  themselves,  and  the  ground  upon  which 
they  rest,  should  be  perfe  tly  solid,  and  free  from  danger  of  unequal 
settling.  Progress  is  in  the  direction  of  heavier  frames  and  more 
complete  cast-iron  bases,  or  bed-plates.  In  larger  sizes  these  are 
made  in  sections  united  by  links. 

The  practical  laying  out  and  building  of  engine  foundations  is 
best  carried  out  by  making  a  complete  template,  or  frame  of  wood, 
as  already  represented  in  Fig.  7.  The  builder  of  the  engine  should 
furnish  a  drawing  by  which  this  template  may  be  made,  so  that 
it  will  hold  the  various  bolts  in  exactly  the  proper  positions  while 
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the  brickwork  is  being  built  around  them.  This  enables  the  foun- 
dation to  be  made  ready  to  receive  the  engine  as  soon  as  it  arrives, 
thereby  avoiding  considerable  delay.  It  is  well  to  surround  each 
bolt  with  an  iron  pipe  large  enough  to  allow  a  slight  play,  other- 
wise there  is  likely  to  be  difficulty  in  introducing  the  bolts  into  the 
holes  in  the  engine  base. 

Lubrication  of  Engines. — ^Various  kinds  of  oil  are  used  to  lubri- 
cate the  bearings  or  other  moving  parts  of  machinery.  These 
may  be  divided  primarily  into  vegetable,  animal,  and  mineral  oils; 
but  only  the  two  latter  are  suitable  for  the  purpose.  The  intro- 
duction of  mineral  oil  is  comparatively  recent,  sperm,  lard,  or  some 
other  form  of  animal  oil  having  been  used  exclusively  as  lubri- 
cants, and  even  at  the  present  time  many  engineers  prefer  them; 
but  improvements  in  the  manufacture  of  mineral  oil,  and  its  more 
extended  use,  have  resulted  in  its  being  acknowledged  to  be  as 
good  as,  or  even  better  than,  animal  oil  for  machinery.  Animal 
as  well  as  vegetable  oil  is  likely  to  be  decomposed,  with  the  for- 
mation of  some  organic  acid.  This  change  is  what  is  conunonly 
known  as  becoming  rancid.  The  acid  thus  formed  will  corrode 
iron  or  other  metal,  which  would  be  extremely  objectionable  in  the 
case  of  a  shaft  or  bearing.  Mineral  oil,  on  the  contrary,  does  not 
form  acid  or  any  other  deleterious  substance,  and  for  that  reason 
is  preferable  to  animal  oil.  It  is  usually  much  cheaper  than  animal 
oil  of  equivalent  quality,  and  can  be  obtained  of  any  desired  viscosity. 

The  quality  of  oil  is  of  the  highest  importance,  and  nothing  is 
more  foolish  than  to  attempt  excessive  economy  ia  this  direction. 
The  high  cost  of  machinery,  and  the  great  importance  of  having 
it  run  as  perfectly  as  possible,  demand  that  only  first-class  oil 
should  be  used  upon  it.  This  is  particularly  true  of  cylinder  oil, 
which  is  used  to  lubricate  the  valves,  interior  of  cylinder,  piston, 
and  piston-rods,  which  are  the  most  delicate  parts  of  an  engine. 
Engines  may  be  lubricated  by  means  of  a  number  of  oil-cups  placed 
where  required.  These  usually  have  a  sight- feed,  that  is,  the 
drops  of  oil  which  they  supply  can  be  seen  and  counted  so  that 
they  can  be  adjusted  by  a  screw  or  other  device  to  the  proper  rate^ 
Parts  in  motion  are  lubricated  either  by  oil-cups  placed  upon  them 
which  are  filled  before  starting,  or  by  some  form  of  "wiper'*  which 
scrapes  off  a  certain  amount  of  oil  from  a  piece  of  felt  or  wicking 
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at  each  stroke.  The  cylinder  lubricator  is  also  an  important  attach- 
ment to  an  engine.  In  some  forms  of  engine  the  lubrication  is 
eflfected  not  by  oil-cups,  but  by  inclosing  the  moving  parts  and 
causing  them  to  run  in  oil,  or  splash  it  about  so  that  it  is  carried 
to  the  crank-pin,  bearings,  and  other  parts.  Such  forms  are  shown 
in  Figs.  49  and  53. 

A  complete  circulating  system  of  lubrication  is  sometimes 
employed,  and  is  an  excellent  method  in  plants  of  suflScient  size 
to  warrant  its  use.  It  comprises  a  small  pump,  operated  from 
one  of  the  engines  or  by  an  electric  motor.  The  pump  forces  the 
oil  up  to  a  reservoir,  from  which  it  flows,  by  gravity,  through  small 
pipes  to  the  different  parts  of  the  several  machines;  thence  it  runs 
back  into  a  receptacle,  from  which  it  is  again  pumped  into  the  upper 
reservoir. 

In  the  Ball  &  Wood,  Payne,  Skinner,  and  some  other  types, 
each  engine  is  provided  with  its  own  oil  reservoir  and  piping.  In 
these  systems,  whether  general  or  individual,  the  separation  of  the 
oil  from  the  water  is  effected  by  gravity,  and  it  is  also  filtered  to 
remove  particles  of  metal  or  dirt.  In  circulating  systems  the  sepa- 
ration of  water  and  the  filtering  are  usually  automatic  In  prac- 
tically all  cases  oil  is  used  over  and  over  again. 
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CHAPTER    XIII. 

QAB-  AND  OIZ«-mraiNlC8. 

The  advantages  of  the  gas-engine  over  the  steam-engine  are: — 

1.  Cleanliness  and  freedom  from  drip,  ashes,  smoke,  and  other 

objectionable  accompaniments  of  the  steam-engine. 

2.  The  boiler  and  the  danger  of  boiler  explosion  are  eliminated. 
8.  Higher  efficiency  at  all  loads  and  probability  of  much  higher 

efficiency. 

4.  Gas  can  be  carried  long  distances  economically,  while  with 
steam  losses  by  condensation  are  large  even  at  short  dis- 
tances. 

6.  Much  more  energy  can  be  stored  in  gas  than  in  the  same 
volume  of  steam  and  without  any  loss. 

6.  Gas-engines  may  be  started  without  waiting  to   make  a  fire 

and  get  up  steam. 

7.  There  is  much  less  loss    of  energy  in  starting  and  stopping 

gas-engines,  and  there   is  no  waste  during  the  time  that 
they  are  idle. 

8.  They  may  be  run  on  waste  gases,   as  in  the  case  of  blast- 

furnace plants. 
The  disadvantages  of  gas-engines  are: — 

1.  They  require  some  auxiliary  means  of  starting. 

2.  They  may  stop  if  overloaded,  and  have  to  be  started  again 

as  in  No.  1. 

3.  The  cylinder  in  most  cases  must  be  water-jacketed  to  pre- 

vent its  walls  from  becoming  too  highly  heated. 

4.  Many  gas-engines,  especially  for  moderate  power,  being  sin- 

gle-acting or  half  single-acting,  are  more  bulky  than  the 
corresponding  steam-engines. 
6.  Single-acting  or  half  single-acting  engines  require  heavier  fly- 
wheels to  secure  steadiness  of  motion. 

6.  The  speed  governing  of  gas-engines  is  not  yet  perfected  to 

the  same  degree  as  that  of  steam-engines. 

7,  Possible  difficulties  with  the  ignition  system. 
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Gas-engines  are  practically  all  of  the  explosive  type;  that  is, 
a  mixture  of  combustible  gas  and  air  is  introduced  into  the  cylin- 
der, and  there  ignited  by  an  electric  spark,  an  incandescent  body, 
or  by  high  temperature  due  to  compression.  The  high  pressure 
resulting  from  the  explosion  acts  upon  the  piston  in  the  cylinder, 
and  causes  it  to  move  and  do  work. 

The  series  of  actions  performed  upon  and  by  the  gas  is  called 
a  cycle,  the  various  kinds  of  cycles  that  might  be  employed  being 
numerous.  Of  these  the  most  prominent  is  the  Otto  or  Beau  de 
Rochas  cycle,  in  which  the  operations  are  as  follows  : — 

A  mixture  of  gas  and  air  in  the  proper  proportion  is  drawn 
into  the  cylinder  by  a  stroke  in  one  direction.  On  the  return 
stroke  the  mixture  is  compressed.  It  is  then  ignited  at  the  begin- 
ning of  the  next  forward  stroke,  during  which  it  exerts  a  much 
higher  pressure  upon  the  piston ;  and  on  the  next  back  stroke  the 
products  of  combustion  are  expelled  from  the  cylinder  :  thus  the 
cycle  comprises  four  separate  actions;  and  four  single  strokes,  or 
two  complete  revolutions,  are  required  for  each  explosion  or 
active  stroke.  Strictly  speaking,  therefore,  such  an  engine  is  half 
single-acting,  and  a  heavy  fly-wheel  is  necessary  to  keep  up  the 
speed  during  the  interval  between  the  working-strokes. 

This  is  commonly  known  as  the  "  four-cycle  "  method,  but  is 
more  properly  a  cycle  consisting  of  four  operations,  sometimes 
called  phases,  each  of  which  occupies  one  stroke. 

In  the  **  two-cycle "  method  the  exhaust  is  effected  by  the 
piston  uncovering  a  port  near  the  end  of  its  stroke,  so  that  the 
products  of  combustion  rush  out,  they  being  at  this  moment 
about  50  lbs.  above  atmospheric  pressure.  At  the  same  time  a 
new  charge  of  gas  and  air  is  forced  into  the  working  cylinder 
under  5  or  10  lbs.  pressure  produced  in  other  cylinders,  as  in  the 
Korting  engine,  or  by  enclosing  the  crank  chamber,  as  in  the 
Mietz  and  Weiss  engine.  The  return  stroke  of  the  piston  com- 
presses this  charge,  which  is  exploded  at  the  beginning  of  the 
next  stroke,  and  performs  its  work.  Thus  each  alternate  stroke  is 
a  working-stroke,  and  therefore  the  action  is  equivalent  to  that 
which  occurs  at  one  end  of  a  steam-cylinder.  **  Two-cycle  '*  gas- 
engines  are  often  made  double-acting,  that  is,  the  operations 
described  take  place  on  both  sides  of  the  piston,  hence  work  is 
performed  at  every  stroke,  the  same  as  in  the  ordinary  double- 
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acting  steam-engine.  Furthermore,  the  mean  effective  pressure 
of  the  gas  is  much  greater  than  that  of  the  steam,  so  that  the 
cylinder  volume  and  bulk  of  engine  are  smaller,  except  for  such 
auxiliary  apparatus  as  may  be  necessary. 

Advantages  of  Compression.  —  All  explosive  engines  expand 
the  burnt  gases  to  the  same  volume  that  was  occupied  by  the 
mixture  before  compression  began.  In  a  cycle  as  represented  in 
Fig.  62  the  series  of  operations  are  as  follows: — 

From  A  to  B  compression. 
From  Bto  C  explosion. 
From  C  to  D  expansion. 
From  D  to  A  exhaust. 

If  now  compression  be  carried  to  a  higher  pressure  than  before, 
say  to  B\  then  on  explosion  the  pressure  will  rise  to  a  higher 

value  than  C,  say  C\  and  there 
will  be  added  to  the  work  done 
an  area  CCiyD\  while  the 
extra  compression  subtracts  the 
area  BB'A  from  the  area  origi- 
nally obtained  by  low  compres- 
sion. It  can  be  easily  shown 
that  the  gain  CCUD  is  always 

that  increased  compression  before  explosion  will  always  give 
more  work  with  the  same  fuel. 

Analytically  the  same  thing  can  be  shown,  the  efficiency  of 

such  a  cycle  being  £  =  1  —  (  tt"  )    »  ^^  which 

Vj,  =  volume  of  gas  after  compression, 
F],  =  volume  of  gas  before  compression. 

So  that  the  efficiency  and  work  done  with  a  given  amount  of  fuel 
becomes  greater  as  the  ratio  -7^  is  made  less  or  as  the  compres- 
sion volume  is  made  smaller,  with  greater  compression. 
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The  Igiiition  of  the  gas  is  usually  efTected  by  an  electric  spark ; 
an  incandescent  tube;  or  by  the  heat  due  to  compression.  The 
first  is  produced  either  by  separating  two  contact  points  and 
breaking  an  electric  circuit,  or  by  applying  a  high  potential  and 
forcing  a  spark  across  a  fixed  gap.  The  electric  spark  may  fail 
owing  to  corrosion  or  dirt  on  the  contact  points.  The  second 
device  consists  of  a  tube  of  nickel  steel  or  porcelain,  which  con- 
nects with  the  cylinder,  and  is  kept  red-hot  by  a  Bunsen  burner. 
These  tubes  may  last  two  or  three  years,  but  in  some  instances 
they  burn  out  rather  rapidly.  Ignition  in  several  types  of  gas- 
engine  is  produced  by  carrying  the  compression  high  enough. 
The  chief  difficulty  with  hot-tube  methods  is  to  cause  the  gas  to 
ignite  at  the  proper  point  in  the  stroke.  Evidently  the  electric- 
spark  device  is  unlimited  in  its  possible  adjustment. 

Kinds  of  gas  employed  for  the  production  of  power  are  natural 
gas,  coal-gas,  water-gas,  producer-gas,  and  furnace-gas. 

Natural  gas  is  obtained  in  certain  regions  by  sinking  wells. 
Its  composition  differs  greatly  according  to  locality,  but  it  is 
almost  always  rich  in  hydrocarbons  and  of  high  heating  power, 
producing  about  900  or  1000  heat  units  (pound-Fahr.)  per  cubic 
foot. 

Coal-gas  is  made  by  the  destructive  distillation  of  bituminous 
coal,  being  the  same  as  that  originally  and  still  used  for  illumi- 
nation. Next  to  natural  gas  it  possesses  the  greatest  heating 
value,  giving  about  700  heat  units  per  cubic  foot.  Coke,  coal- 
tar,  and  ammonical  liquor  are  obtained  as  by-prodttcts. 

Water-gas  is  produced  by  the  action  of  steam  upon  carbon- 
aceous material  at  a  high  temperature.  Anthracite  or  bituminous 
coal,  coke,  charcoal,  or  wood  introduced  into  chambers  is  ignited 
and  raised  to  incandescence  by  blowing  air  through  it,  the  air 
being  then  shut  off  and  steam  forced  through  the  mass.  At  or 
above  a  red  heat  the  carbon  of  the  fuel  decomposes  steam,  pro- 
ducing hydrogen  and  carbon  monoxide,  the  reaction  being 
C  -{-  H,0  =  H,  +  CO.  Theoretically  the  resulting  gas  would 
consist  simply  of  equal  volumes  of  hydrogen  and  carbon  mon- 
oxide, but  practically  small  quantities  of  marsh-gas,  carbon 
dioxide,  nitrogen,  and  water  vapor  are  also  present,  amounting  to 
about  10  per  cent.  The  flow  of  air  and  the  flow  of  steam  are 
alternately  maintained,  the  former  raising  the  temperature  and 
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the  latter  lowering  it.  The  gas  thus  obtained  burns  with  a  blue 
flame,  giving  little  light,  and  must  be  enriched  with  hydrocarbons 
to  make  it  suitable  for  illumination.  For  power  or  fuel  purposes, 
however,  it  has  a  value  nearly  half  that  of  coal-gas  or  about 
twice  that  of  producer-gas,  and  does  not  require  the  addition  of 
hydrocarbons. 

Producer-gas  as  made  in  the  original  Siemens  producer  is 
the  result  of  the  partial  combustion  of  coal  or  other  fuel  by  air. 
Its  heating  power  depends  upon  the  carbon  monoxide,  hydrogen^ 
and  hydrocarbon  contained,  but  these  are  much  diluted  by  nitro- 
gen from  the  air  and  by  carbon  dioxide  due  to  complete  combus- 
tion. The  later  forms  of  producer  employ  a  jet  of  steam,  which 
with  the  coal  forms  carbon  monoxide  and  hydrogen,  also  acting  to 
force  air  through  the  fuel.  Hence  it  is  a  combination  of  the 
water-gas  apparatus  with  the  Siemens  producer,  and  has  the 
advantage  over  the  former  of  continuous  action.  A  producer  of 
this  kind  consists  of  a  brickwork  chamber,  as  represented  in 
Fig.  63,  into  which  coal  is  fed  by  hand  or  automatically  through 
a  hopper  at  the  top.  Sufficient  fuel  is  introduced  to  form  a  mass 
2i  to  3  feet  deep  for  anthracite  and  3i  to  4^  feet  deep  for  bitu- 
minous coal.  Under  this  is  a  bed  of  ashes  almost  as  thick,  in 
order  that  the  coal  may  be  completely  burned  before  it  is  dropped 
below,  and  to  avoid  too  high  a  temperature  in  the  lower  part  of 
the  producer,  where  the  air  is  introduced.  The  Taylor  gas-pro- 
ducer here  represented  is  provided  with  a  circular  iron  plate  upon 
which  the  fuel  rests,  that  is  revolved  occasionally  by  hand  with  a 
crank  and  gearing,  the  object  being  to  prevent  the  formation  of 
channels  in  the  fuel,  and  to  discharge  the  ashes  at  the  periphery. 
The  small  boiler  (Fig.  ^Zd)  is  to  supply  steam  that  is  decomposed, 
and  also  forces  air  through  the  mass,  as  already  stated.  The 
gas  from  the  producer  passes  through  cast-iron  tubes  contained 
in  the  economizer,  thus  transferring  its  heat  to  the  air  which 
flows  around  these  tubes  on  the  way  to  the  producer.  The  gas 
then  enters  the  scrubber  filled  with  coke  that  is  sprayed  with 
water  to  remove  tar,  sulphur,  and  ammonia.  This  operation  is 
completed  in  the  puriner  and  the  gas  enters  the  holder. 

In  the  Loomis-Pettibone  gas-plant  the  mass  of  fuel,  about 
8  feet  deep,  rests  upon  a  grate.  The  draft  is  downward,  being 
produced  by  a  positive  exhauster,  and  the  resulting  producer-gas 
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IS  stored  in  a  holder.     When  the  fuel  becomes  incandescent  the 
air  is  shut  off  and   steam  forced  through  the  mass,  producing 


F\g.  68,     Taylor  Qat-Prodooer, 


water-gas  that  is  carried   to  another   holder,  these   operations 
being  performed  alternately  in  periods  of  about  five  minutes. 
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The  two  kinds  of  gas  may  be  used  separately  or  mixed.     In 
passing  downward  through  the  highly  heated  fuel  the  gas  is  freed 


from  tar.     The  hot  gas  from  the  producers  is  carried  through  a 
vertical  boiler  which  supplies  the  steam  required.     A  modification 
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of  this  plant  for  5  to  50  H.P.  operates  by  suction,  the  flow  of  gas 
being  produced  by  the  engine  which  draws  in  its  supply.  A 
blower  worked  by  hand  is  used  in  starting,  but  a  holder  is  not 
required,  the  gas  being  used  as  fast  as  it  is  generated. 

Producer-gas  consists  of  nitrogen,  carbon  monoxide,  hydrogen, 
and  small  quantities  of  carbon  dioxide  and  hydrocarbons.  The 
reaction  may  be  represented  theoretically  as  follows: 

3C  +  H,0  +  O,  +  4N,  =  3C0  +  H,  +  4N,. 

Practically  2  to  5  per  cent  of  carbon  dioxide  is  formed,  hence 
the  proportion  of  carbon  monoxide  is  somewhat  less  and  that  of 
nitrogen  more  than  the  equation  indicates.  Either  anthracite  or 
bituminous  coal  may  be  gasified  in  a  producer,  the  latter  giving 
the  richer  gas,  but  analyses  do  not  show  much  difference  in  com- 
position, because  the  heavy  hydrocarbons  are  condensed  before 
the  analysis,  but  not  in  actual  use. 

One  pound  of  anthracite  (85  per  cent  carbon,  5  hydrocarbon, 
and  10  ash)  makes  80  to  90  cu.  ft.  of  producer-gas  retaining  about 
80  per  cent  of  the  original  energy  in  the  fuel  and  having  the  com- 
position and  heating  power  given  in  the  table  on  page  212. 

Blast-Furnace  Gas, — In  order  to  maintain  the  reducing  action 
in  a  blast-furnace  less  than  one-third  of  the  carbon  can  be  allowed 
to  become  carbon  dioxide,  hence  the  discharged  gas  consists 
largely  of  carbon  monoxide  and  is  capable  of  giving  90  to  115 
B.T.U.  per  cu.  ft.  In  the  production  of  a  ton  of  pig  iron  about 
130,000  cu.  ft.  of  this  gas  are  given  off  and  80  to  120  cu.  ft.  are 
required  by  a  gas-engine  per  H.P. -hour.  An  ordinary  furnace 
yields  about  7  tons  of  pig  iron  per  hour,  hence  the  gas  from  it 
would  give  7  X  130,000  -r-  100  =  9100  H.P.  as  a  by-product. 

From  10  to  25  per  cent  of  the  gas  is  used  for  heating  the  blast, 
leaving  7000  to  8000  H.P.,  of  which  30  to  40  per  cent  is  needed  in 
the  blowing-engines.  Hence  4000  to  5000  H.P.  is  available  for 
other  purposes  from  each  furnace  in  operation.  The  usual  com- 
position of  blast-furnace  gas  (by  volume)  is  :  carbon  monoxide  24 
to  30  per  cent,  carbon  dioxide  9  to  12  per  cent,  nitrogen  58  to  60 
per  cent,  hydrogen  and  hydrocarbons  3  to  5  per  cent. 

For  the  other  gases  the  following  figures  may  be  taken: 
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AVERAGE  COMPOSITION  OF  GASES,    BY   VOLUME. 


Carbon  monoxide  (CO). 

Hydrogen  (H) 

Marsh-gas  (methane,  CH^).  •  • 
Olefiantgas  (ethylene,  C1H4). 

Carbon  dioxide  (CO,) 

Nitrogen  (N) 

Oxygen  (O) 

Water  vapor  (H,0) 

Pounds  in  icxx)  cubic  feet. . .  . 
B.T.U.  in  ICXX)  cubic  feet ...  . 


Natural 
Gaa. 


0.50 
2.18 
92.6 
0.31 
0.26 
3-61 
0.34 

45.6 

I,000,CXX) 


Coal-gas. 


6.0 
46.0 
40.0 

4.0 

0.5 

i-S 

0.5 

32.0 
725,000 


Water- 


45.0 

45.0 

2.0 

4.0 
2.0 
0.5 

45.^ 
325,000 


Prodacer-gas. 


Anthracite. 


27.0 

12.0 

1.2 

2.5 

57.0 

*-3 

65.6 
140,000 


Bitumea. 


27.0 
12.0 

2.5 
0.4 

55-3 
0.3 

65.9 
160.000 


Oil-Engines. — An  internal-combustion  engine  using  kerosene 
oil  differs  from  the  gas-engine  proper  only  in  having  a  device  by 
which  the  liquid  fuel  is  vaporized.  In  the  case  of  a  volatile  liquid 
a  true  vapor  will  be  formed  by  passing  air  through  it  or  merely 
over  its  surface.  In  order  to  use  a  liquid  not  readily  volatile, 
heat  must  be  applied  to  produce  vaporization.  If  the  vaporizer 
is  too  hot,  the  fuel  will  be  carbonized;  if  too  cold,  it  will  not 
vaporize ;  and  for  any  one  liquid  fuel  the  range  is  very  small. 

Overcoming  Unsteadiness  of  Gas-  and  Oil-Engines.  —  Some 
types  of  gas-engines,  especially  those  of  small  size  and  the  half 
single-acting  forms,  are  likely  to  be  unsteady  in  speed.  In  in- 
candescent lighting  this  is  very  objectionable,  and  some  means 
should  be  employed  to  overcome  the  difficulty  in  such  cases.  A 
storage-battery  connected  in  parallel  with  the  generator  may  be 
used,  or  the  engine  may  be  run  part  of  the  time  to  charge  the. 
battery  from  which  the  lamps  are  fed.  These  applications  of  the 
storage-battery  are  discussed  in  Chapter  XXI. 

A  heavy  fly-wheel  on  the  gas-engine  shaft  tends  to  prevent 
variation  in  speed  due  to  intermittent  action,  and  is  still  more 
effectual  if  a  fly-wheel  is  also  applied  to  the  generator-shaft,  pro- 
vided a  spring  or  other  elastic  connection  is  interposed  between 
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the  engine-shaft  and  the  fly-wheel  on  the  generator,  to  take  up 
the  variations  in  speed  (Fig.  75).  It  is  often  found  in  practice  that 
the  ordinary  belt-connection  is  sufficient  to  prevent  the  variation 
from  being  transmitted  to  the  dynamo  shaft,  provided  the  latter 
carries  a  fly-wheel  also.  The  fly-wheel  may  consist  simply  of  a 
heavy  flange  cast  on  one  side  of  the  pulley.  It  is  desirable  in  this 
case  to  have  the  belt,  which  may  be  an  ordinary  leather  one,  a  little 
longer  and  slightly  more  slack  than  usual,  in  order  that  its  elas- 
ticity and  variation  in  sag  may  be  sufficient  to  take  up  the  im- 
pulses. Modern  gas-engines  run  much  more  steadily  than  the 
early  forms,  so  that  trouble  in  this  respect  is  less  common,  and  in 
many  cases  they  are  directly  connected  to  generators  like  steam- 
engines. 

The  Otto  Gas-£ngine  was  brought  out  by  Dr.  N.  A.  Otto  in 
1867.  The  original  form  was  the  Otto-Langen  engine,  which 
was  very  noisy,  the  piston  being  thrown  upward  with  considerable 
violence  by  the  explosion  of  the  gas ;  and  it  was  superseded  by 
the  **  Otto  silent  gas-engine."  This  type  is  manufactured  by  the 
Gasmotoren-Fabrik  Deutz,  at  Deutz  near  Cologne,  where  it 
originated;  and  in  this  country  at  Philadelphia. 
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The  action  of  these  engines  as  well  as  that  of  other  types 
operating  on  the  Otto  cycle,  such  as  the  Crossley,  Westinghouse, 
and  Nash  engines,  is  similar  for  all  and  will  be  described  in  con- 
nection with  Fig.  65. 
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The  Crossley  6a8-£ngine  is  the  Otto  type  as  manufactured 
in  England  by  Crossley  Brothers  and  in  this  country  in  connec- 
tion with  the  Loonriis-Pettibone  gas  apparatus  already  described. 
In  the  latter  case  they  are  being  built  in  sizes  from  50  to  1400 
H.P.,  of  the  single-,  double-,  and  four-cylinder  forms.  A  double- 
cylinder  American-Crossley  engine  of  650  brake  H.P.,  illustrated 
in  Fig.  64,  is  designed  for  driving  an  electric  generator  which  is 
connected  directly  on  the  end  of  the  shaft  shown  in  front.  The 
single-cylinder  and  double-cylinder  engines  are  guaranteed  to 
regulate  satisfactorily  when  driving  direct-current  generators  or 
25-cycle  alternators  in  parallel,  and  the  four-cylinder  type  for 
60-cycle  alternators  in  parallel. 

The  Westingbouse  6as-£ngine  is  built  in  two-cylinder  and 
three-cylinder  types,  the  former  from  10  to  85  H.P.  and  the  latter 
from  35  H.P.  up.  A  vertical  section  through  one  cylinder  of  the 
three-cylinder  form  is  shown  in  Fig.  65,  all  three  being  exactly 
aJJke.  There  is  a  four-cycle  operation  in  each  cylinder  which  is 
therefore  half  single-acting,  so  that  a  working  stroke  occurs  in 
every  revolution  with  two  cylinders,  and  for  each  two-thirds  of  a 
revolution  with  three  cylinders. 

A  shaft  A  carries  the  exhaust-valve  cams  and  is  driven  by 
gearing  from  the  main  shaft  at  one-half  the  speed  of  the  latter. 
The  exhaust-cam  of  each  cylinder  works  against  a  roller  at  the 
end  of  the  guide-lever  G,  A  long  stem  If  projects  downward 
from  the  exhaust-valve  E  and  rests  on  the  end  of  the  lever  G^ 
the  valve  being  held  to  its  seat  by  the  helical  spring  as  shown. 
The  shaft  A  carries  another  cam  for  each  cylinder,  engaging 
with  a  roller  on  the  lever  B  acting  through  a  vertical  stem  D  on 
the  lever  C  that  actuates  the  inlet- valve  y,  also  closed  by  a  spring. 
There  is  also  an  ignition  mechanism  which,  at  the  proper  instant, 
breaks  an  electric  circuit,  producing  a  spark  at  the  terminals  of 
the  igniter.  The  upper  portions  of  the  cylinders  are  water- 
jacketed,  as  indicated  at  PR,  The  gas  and  air  enter  the  mix- 
ing valve-chamber  by  separate  inlets,  the  proportionate  amounts 
being  adjustable,  and  the  mixture  passes  through  a  distribut- 
ing-chamber to  the  port  and  inlet- valve  y.  In  the  position 
indicated  the  piston  is  on  its  downward  stroke,  the  charge  being 
previously  ignited  at  maximum  compression.  At  the  end  of 
this  working  stroke  the  exhaust-valve  £  opens  and  the  spent 
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^^    ^s  are  forced  out  by  the  upward  motion  of  the  pistpn.     A  fresh 
^&e  is  then  drawn  through  the  inlet-valve  J  on  the  down- 


Fig,  06.     Wettlng/iouse  Oaa-Englne. 

ward  stroke ;  it  is  compressed  on  the  upward  stroke,  after  which 
it  is  ignited,  and  so  on. 


21t) 
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The  governor  of  the  Westinghouse  gas-engine  is  of  the  fly- 
ball  type  and  controls  the  areas  of  the  ports  through  which  the 
gas  and  air  are  admitted  to  the  mixing-chamber.  This  variation 
of  the  gas-port  area  is  effected  by  a  cylindrical  valve  or  shell 
turned  by  a  hand-lever  so  as  to  uncover  more  or  less  length 
of  port.  A  separate  lever  similarly  controls  the  air- port,  thus 
enabling  any  desired  proportion  of  gas  and  air  to  be  fixed.  The 
governor  merely  alters  the  quantity  of  the  charge,  but  not  the 
quality  of  the  mixture.     Each  of  the  two  hand-levers  carries  a 
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pointer  moving  over  a  fixed  scale,  so  that  they  can  be  set  or 
reset  accurately. 

Westinghouse  gas-engines  are  started  with  compressed  air 
supplied  by  a  small  compressor  that  may  be  operated  by  hand  if 
necessary,  but  is  ordinarily  belt-driven  a  few  minutes  a  day  to 
charge  a  storage-tank.  One  cylinder  is  temporarily  converted 
into  a  compressed-air  engine  by  altering  the  action  of  the  valves, 
and  after  three  or  four  revolutions  the  gas  and  air  are  drawn  into 
and  exploded  in  the  other  cylinder  or  cylinders ;  the  compressed 
air  is  then  shut  off  and  the  engine  runs  normally. 
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Curves  showing  results  obtained  from  an  80-H.P.  Westing- 
house  gas-engine  are  given  in  Fig.  66. 


Fig,  67,    OroBB-S^otlon  through  Cylinder,  Mtuh  QoM'Engln; 

The  Nash  Gas-Englne  is  an  American  design  and  employs  two  or 
more  vertical  cylinders  each  operating  upon  the  Otto  cycle.     The 
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admission-,  gas-,  and  exhaust-valves  are  all  of  the  poppet  type, 
and  are  operated  through  a  cam-shaft  and  lever.     Fig.  67  shows 
a  section  through  one  of  the  engine  cylinders  and  its  valve  equip- 
ment, each  cylinder  being  similarly  arranged.     A   is  the  cam- 
shaft, B  the  admission-valve,  and  C  the  lever  connected  to  the 
valve-stem.       The  valve  action  is  as  follows  :  If  the  machine  is 
running  at  its  rated  speed,  the  admission -valve  is  lifted   every 
fourth  stroke,  and  as  it  rises  its  stem  engages  with  a  pawl  on  the 
stem  of  the  gas-supply  valve  Z7,  and  lifts  it,  thus  allowing  gas 
to  pass  to  the  mixing-chamber,  from  which  it  enters  the  work- 
ing cylinder  through  the  opening  of  the  admission-valve.      If 
the  engine  tends  to  speed  up,  the  fly-ball  governor  E  shifts  the 
pawl,  and  the  gas-valve  is  not  lifted;  thus  only  air  is  supplied  to 
the  working  cylinder,  and  an  explosion  is  missed,  this  action 
continuing  until  normal  speed  is  again  reached.     The  method  of 
ignition  employed  may  be  either  the  hot  tube  or  the  electric  spark 
as  desired.     The  exhaust  is  at  Fy  the  air-supply  at  H,  and  the 
gas-supply  through  G. 

The  Kbrting  Gas-Bnglne  is  of  the  two-cycle  type  and  secures 
the  proportioning  of  air  and  gas  by  drawing  these  constituents 
into  two  separate  cylinders  whose  volumes  have  the  desired  ratio. 
The  pistons  of  this  pair  of  cylinders  are  on  the  same  rod  and  act 
to  displace  definite  quantities  of  air  and  gas  into  the  working  cyl- 
inder. Hence  the  latter  is  not  required  to  draw  in  the  charge 
and  is  able  to  produce  an  impulse  at  each  revolution,  the  other 
stroke  being  devoted  to  compression.  Two  such  working  cylin- 
ders are  thus  equivalent  to  the  ordinary  double-acting  steam- 
cylinder.  Governing  is  effected  by  varying  the  time  during 
which  the  working  cylinder  is  open  to  the  supply  cylinders, 
thereby  changing  the  amount  but  not  the  composition  of  the 
charge.  In  the  Lackawanna  Steel  Company's  "Plant  at  Buffalo, 
N.  Y.,  there  are  eight  Korting  gas  engines  of  1000  H.P.  each, 
and  sixteen  more  of  2000  H.P.  each  are  being  installed.  Five 
of  these  are  directly  connected  to  500  K.W.,  three-phase,  25- 
cycle,  440-volt,  General  Electric  alternators,  and  the  other  three 
to  500-K.W.,  250-volt,  direct-current  generators.  The  power 
cylinders  of  these  engines  are  24}  inches  in  diametei*  with  a  stroke 
of  43i  inches,  developing  1000  H.P.  at  100  r.p.m. 

Hietz  and  Weiss  Gas-  and  Kerosene-Engines.— This  engine, 
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being  of  the  two-cycle  type,  has  its  cranK-chamber  enclosed  and 
the  air-supply  is  moderately  compressed  in  this  space  during  the 
working  stroke.  An  eccentric  on  the  main  shaft  operates  a  small 
plunger  by  means  of  which  the  oil  is  injected  into  the  cylinder. 
This  oil  is  delivered  upon  a  conical  vaporizer  preheated  by  a  lamp 
.in  starting,  but  kept  hot  by  the  combustion  after  the  engine  is 
running.  The  air-charge  is  received  from  the  crank-chamber 
through  a  port  opened  at  the  end  of  the  impulse-stroke,  after  the 
exhaust-port  has  been  opened,  through  which  latter  the  spent 
gases  escape.  A  deflector  directs  the  incoming  charge  toward 
the  head  of  the  cylinder  and  away  from  the  exhaust-ports.  A 
valve  limits  the  amount  of  oil  injected,  and  tlie  speed  is  automat- 
ically governed  by  varying  the  length  of  the  stroke  of  the  oil- 
pump.  This  engine  may  be  converted  into  a  gas-engine  by 
omitting  the  oil  system,  and  providing  a  small  auxiliary  cylinder 
in  which  the  gas  is  compressed  to  the  same  extent  as  the  air,  so 
that  both  are  forced  into  the  working  cylinder  and  the  spent 
gases  expelled. 
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CHAPTER  XIV. 

WATBR-W^mBLS   AND    WlNDBflLLS. 

Water-wheels  of  various  forms  are,  next  to  the  steam- 
engine,  the  most  important  prime  movers  for  driving  dynamos. 
The  advantage  of  water-power  is  its  cheapness  ;  but  it  has  the 
disadvantages  of  being  rather  difficult  to  regulate  perfectly  and 
maintain  a  constant  speed  with  a  variable  load,  and  it  is  usually 
very  unreliable,  being  scanty,  or  failing  entirely,  during  the  sum- 
mer, and  being  liable  to  great  trouble  from  ice  and  floods  during 
the  winter  and  spring.  The  enormious  water-power  at  Niagara, 
which  is  ^practically  constant  throughout  the  year,  is  absolutely 
without  a  parallel;  and  in  practically  all  other  places  consider- 
able trouble  is  caused  by  excess  or  deficiency  of  supply  at  differ- 
ent seasons.  For  these  reasons  the  cheapness  of  water-power  is 
sometimes  more  apparent  than  real,  and  from  the  inevitable  laws 
of  demand  and  supply  its  cost  becomes  nearly  equal  to  that  of 
steam-power  when  everything  is  considered.  For  example,  it  is 
often  necessary  to  have  an  auxiliary  steam-plant  in  case  of  fail- 
ure of  water-supply  or  break-down  of  the  plant ;  hence  the  interest, 
depreciation,  etc.,  upon  this  steam-plant  should  be  included  in  the 
total  cost  of  the  water-power.  When,  however,  a  reliable  water- 
power  can  be  obtained,  it  usually  enables  electric  current  to  be 
generated  more  cheaply  than  by  steam-power;  and  there  are 
many  places  in  this  country  and  abroad  where  this  is  very  suc- 
cessfully accomplished.  In  fact,  the  practice  seems  to  be  almost 
universal  to  utilize,  wherever  available,  a  water-power  for  gener- 
ating electricity  for  lighting  or  power  purposes,  even  if  the  cur- 
rent has  to  be  transmitted  many  miles. 

Types  of  water-wheel  formerly  used  were  undershot,  over- 
shot, and  breast  wheels,  but  turbines  and  tangential  or  jet  wheels 
are  the  forms  now  generally  adopted  because  of  their  greater  effi- 
ciency and  compactness. 

Turbines  are  very  extensively  used  for  driving  electric  gen- 
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erators,  and  possess  the  advantages  of  high  efficiency, — ^being  80 
to  85  per  cent, — economy  in  space  occupied,  and  close  agree- 
ment in  speed  with  that  of  the  generator,  so  that  the  two  can  be 
directly  coupled  or  easily  connected  by  belting  or  gearing.  They 
may  be  arranged  to  revolve  either  upon  a  vertical  or  horizontal 
axis ;  and  there  are  also  three  types,  depending  upon  the  direction 
in  which  the  water  flows  through  the  wheel.  These  are  :  par- 
allel-flow turbines,  in  which  the  motion  of  the  water  is  approxi- 
mately parallel  to  the  axis  of  rotation;  outward-flow  turbines,  in 
which  the  water  is  supplied  at  the  center,  and  is  discharged  in 
currents  radiating  from  it ;  and  inward-flow  turbines,  in  which 
the  water  enters  at  the  periphery,  and  is  discharged  from  the  cen- 
ter. Turbines  difler  from  other  forms  of  water-wheel  in  the  fact 
that  all  the  buckets  or  blades  are  acted  upon  by  the  water  at  the 
same  time,  instead  of  only  a  portion  of  them,  the  action  being 
equal  and  continuous  on  all  sides.  This  tends  to  reduce  the 
strains  and  friction,  particularly  with  outward-  and  inward-flow 
turbines  in  which  the  pressures  are  almost  entirely  balanced  in  all 
directions.  In  the  case  of  parallel-flow  wheels  the  upward  thrust 
can  be  made  to  relieve  the  weight,  or  two  turbines  may  be  com- 
bined so  that  their  thrusts  counteract  each  other. 

The  reason  for  the  high  efficiency  of  the  turbine  is  the  fact 
that  the  water  after  passing  through  the  wheel  leaves  it  with  a 
small  velocity ;  or,  in  other  words, 
almost  all  of  its  energy  is  taken 
out.  In  this  respect  it  is  similar  to 
the  steam-turbine  (Chap.  XII), 
but  the  action  is  much  simpler 
because  no  expansion  or  thermal 
changes  need  be  considered. 
Let  BB  in  Fig.  68  represent  a 
portion  of  the  fixed  guide-blades 
of   a    parallel-flow    turbine   into  ^'^^^'  mmipi.  of  th.  lumm. 

which  the  water  enters  from  above,  as  indicated  by  the  arrow  i4, 
and  strikes  against  the  buckets  of  the  wheel  CCy  causing  it  to  re- 
volve in  the  direction  EF,  The  water  is  deflected  by  the  curved 
blades  of  CCy  until  it  flows  out  of  the  wheel  in  the  direction  DE, 
If  the  forward  velocity  of  the  wheel  is  EFy  and  the  backward 
velocity  of  the  water  relative  to  the  wheel  is  DE^  then  it  is  deliv- 
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ered  with  an  absolute  velocity  DF^  about  one-fifth  of  its  original 
velocity  when  entering  the  wheel ;  thus  nearly  all  of  the  energy 
is  taken  from  the  water  and  utilized  to  drive  the  turbine.  If  the 
wheel  were  designed  to  make  the  angle  Z?£F  smaller,  the  velocity 
DF  would  be  still  further  diminished;  but  a  certain  velocity  is 
practically  required  in  order  that  the  water  may  be  delivered  and 
flow  away.  All  other  forms  of  turbine  operate  on  the  same  prin- 
ciple; in  the  outward-flow  wheel,  for  example,  the  water  is 
brought  to  the  center  with  a  full  velocity,  and,  after  flowing  out- 
ward in  all  directions,  is  delivered  at  the  periphery  with  a  veloc- 
ity sufficient  only  to  carry  it  out  of  the  way  of  the  water  that 
follows  it. 

The  energy  in  a  moving  mass  is  proportional  to  the  square  of 
its  velocity,  being  \  fm^\  therefore,  if  the  water  issues  from  the 
wheel  with  only  \  of  its  initial  velocity,  it  retains  only  -j^  of  the 
initial  energy;  or,  in  other  words,  96  per  cent  of  the  kinetic 
energy  has  been  taken  from  it.  There  are,  however,  other  losses 
in  a  water-wheel  to  be  considered.  These  may  all  be  put  in  the 
following  form : 

33000  ""      +^  +  33000  +  33000  +  66000/ 

In  this  expression  W^is  the  weight  in  pounds  of  water  flowing 
per  minute ;  H  is  the  total  head  or  fall  in  feet :  hence  the  first 
member  is  the  total  available  H.P.  P  is  the  actual  brake  H.P. 
developed  Tjy  the  wheel ;  /  is  the  H.P.  lost  in  friction  of  bearings; 
h  is  the  head  lost  in  resistance  to  the  flow  of  water  through  the 
wheel  and  passages  leading  to  or  from  it;  k^  is  the  head  lost  by 
the  fact  that  the  total  fall  cannot  be  utilized,  since  the  wheel  is 
usually  placed  a  certain  distance  above  the  lower  water-level, 
but  a  large  portion  of  this  energy  is  often  saved  by  the  use  of 
a  draught-tube;  v  is  the  absolute  velocity  in  feet  per  second  at 
which  the  water  issues  from  the  wheel  (represented  by  DF  in 
Fig-  68);  and  g  is  the  acceleration  of  gravity,  equal  to  32.2: 
hence  the  last  term  gives  the  H.P.  remaining  in  the  water  due 
to  the  velocity  with  which  it  leaves  the  wheel. 

Tangential  Water-Wheels  are  provided  with  buckets  projecting 
outward  on  the  periphery,  against  which  a  jet  of  water  issuing 
from  a  nozzle  impinges  tangentially  (Fig.  72).     For  this  reason 
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they  are  also  called  jet-wheels.  Frequently  they  are  designated 
impulse-wheels y  because  the  water  appears  to  produce  its  effect  by 
merely  striking  against  the  buckets.  In  point  of  fact  energy  is 
obtained  from  the  water  by  deflecting  it  backward  along  curved 
surfaces,  the  action  being  equivalent  to  that  of  the  turbine,  as  may 
be  seen  by  comparing  Figs.  68  and  72.  The  chief  distinctions 
between  the  two  types  are  the  facts  that  tangential  wheels  have 
no  stationary  guide-blades,  and  only  a  few  buckets  are  acted  upon 
at  one  time,  usually  by  a  single  jet,  hence  they  are  sometimes 
called  partial  turbines. 

Development  of  a  Water-Power. — The  dams,  raceways,  wheel- 
pits,  etc.,  required  to  make  a  natural  water-power  available  for 
use  are  so  extensive,  and  vary  so  greatly  in  different  cases,  that  it 
is  impossible  to  more  than  touch  upon  them  in  the  present  book. 
For  information  on  this  subject,  reference  may  be  made  to  the 
standard  works  on  mechanical  and  civil  engineering,  and  to  the 
pamphlets  of  the  various  manufacturers  of  water-wheels. 

Measuring  the  quantity  of  water  that  flows  in  a  given  time  is 
the  first  step  to  be  taken.  This  maybe  done  in  the  case  of  small 
streams  by  constructing  a  temporary  dam  or  weir  over  which  the 
water  flows  through  a  rectangular  noteh,  the  quantity  of  water 
being  calculated  from  **weir  tables.**  In  large  streams  the 
cross-section  may  be  determined  by  carefully  measuring  the  depth 
at  a  number  of  points  on  a  line  at  right  angles  to  the  stream. 
The  area  thus  obtained  is  multiplied  by  the  mean  velocity  of  the 
stream  to  give  the  volume  of  flow.  The  mean  velocity  is  usually 
about  80  to  83  per  cent  of  the  maximum  velocity  in  the  middle  of 
the  stream,  which  latter  may  be  found  by  timing  a  floating  stick. 
The  so-called  miner's  inch  for  measuring  water  is  the  amount 
that  will  flow  through  each  square  inch  of  an  orifice  that  is  a  cer- 
tain distance  below  the  surface.  This  depth  is  usually  6  inches, 
in  which  case  the  quantity  is  about  1.5  cubic  feet  per  minute, 
the  rate  being  slightly  less  for  small  openings  of  a  few  square 
inches,  and  slightly  more  for  large  ones.  On  account  of  its  in- 
dcfiniteness,  being  rated  at  from  1.36  to  1.73  cubic  feet  per  minute 
in  different  cases,  the  miner's  inch  is  a  very  unsatisfactory  meas- 
ure, and  should  always  be  replaced  by  the  cubic  foot  or  other 
definite  unit.  Measurements  of  the  quantity  of  water  should  be 
made  in  the  dryest  season  of  the  year,  when  the  flow  is  the  least, 
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since  the  minimum  amount  usually  fixes  the  practical  value  of  a 
water-power.  But  in  electric  lighting  it  fortunately  happens  that 
in  July  and  August,  during  which  months  the  flow  is  ordinarily 
the  least,  the  number  of  lamps  is  usually  a  minimum  also ;  hence 
the  full  capacity  of  the  plant  may  be  more  than  the  minimum 
water-power. 

Water-power  dams  are  made  in  innumerable  forms,  and  of 
various  materials,  such  as  plank,  timbers,  logs,  piles,  stone  ma- 
sonry, etc.  In  most  instances  they  involve  a  large  part  of  the 
expense  of  a  water-power  plant,  and  almost  every  case  is  a 
special  one,  differing  more  or  less  from  all  others.  In  short,  the 
design  and  construction  of  water-power  dams  constitute  an  im- 
portant branch  of  civil  engineering. 

A  canal,  or  raceway,  is  usually  constructed  to  convey  the 
water  from  the  stream  above  the  dam,  or  fall,  to  the  point  where 
the  wheel  is  located.  This  should  be  of  sufficient  depth  so  that 
the  water  in  it  shall  not  flow  more  than  90  to  120  feet  a  minute. 
The  mouth  of  the  canal,  or  head-race,  should  be  parallel  with 
the  direction  of  the  stream,  in  order  that  ice,  logs,  and  dibris 
shall  not  be  carried  into  it;  in  fact,  it  is  still  better  if  the  opening 
of  the  canal,  or  raceway,  faces  down  the  stream  at  an  angle  of 
10®  or  20®,  which  still  further  reduces  the  chance  of  ice  or  drift- 
wood floating  into  it.  The  canal,  or  race,  should  also  be  pro- 
tected by  a  floating  boom  of  timbfcr  extending  across  the  en- 
trance. 

A  flume,  orforebay,  built  of  timbers  and  planks,  masonry  or 
concrete,  leads  from  the  canal,  or  head-race,  and  conveys  the 
water  to  the  penstock  or  to  the  turbine  directly.  A  rack  or  screen 
of  iron  bars  and  rods  should  be  placed  in  the  flume,  or  forebay, 
and  inclined  backward  at  an  angle  to  cause  the  dibris  to  be 
brought  to  the  surface  and  easily  removed,  as  represented  in 
Figs.  69  and  ma. 

Wheel  Pit, — The  formation  of  the  ground  may  make  it  pos- 
sible to  arrange  the  turbines  on  the  bank  of  the  stream,  and 
simply  inclose  them  in  a  building  or  casing.  Usually,  however, 
it  is  necessary  to  dig  a  pit,  in  which  the  turbines  are  located. 

A  penstock  made  of  sheet  steel  or  wood  planking  conveys  the 
water  from  the  flume,  or  forebay,  to  the  wheel.  In  the  penstock, 
which  is  sometimes  vertical,  the  actual  descent  of  the  water  takes 
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place;  but,  if  more  convenient,  the  penstock  may  be  inclined,  the 
eflFect  being  due  simply  to  the  vertical  fall.  The  turbine  is  located 
in,  or  connected  to,  the  bottom  of  the  penstock.  Where  the  head  is 
not  great  and  it  is  not  necessary  to  carry  the  water  downward  any 
considerable  distance,  the  turbine  is  placed  in  the  end  of  the  flume, 
as  shown  in  Fig.  69a,  and  may  be  open  but  usually  inclosed  in  an 
iron  casing.    Penstocks  made  of  |  or  i  inch  sheet  iron  or  steel 


Fig,  69.    Pair  of  McCormick  Turbines  Direetiy  Connected  to  Generator. 

riveted  are  usually  employed  in  the  best  practice,  as  they  have  the 
advantages  over  planking  of  compactness  and  less  liability  to  leakage. 
The  end  of  the  penstock  is  riveted  or  bolted  directly  to  the  casing 
of  the  turbine.  A  gate  should  be  provided  at  the  entrance  to  each 
penstock  to  control  the  flow  of  water;  and  in  cases  where  it  is  divided 
into  several  branches  to  supply  different  wheels,  there  should  be  a 
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gate  in  each  branch.    Racks  or  screens  made  of  iron  bars  and  rods 
are  also  needed  at  the  entrance  to  the  penstock  (Fig.  69). 

Draught-Tube. — ^The  turbine  may  be  located  at  the  foot  of  the 
total  fall;   in  fact,  it  may  actually  be  placed  below  the  surface  of 
the  lower  water-level,  that  is,  submerged  in  the  tail-water.     It  is 
usually  preferable,  however,  to  raise  the  turbine  somewhat,  in  order 
to  make  it  more  accessible,  in  which  case  a  draught-tube  should 
be  connected  to  it.    This  may  be  of  any  reasonable  length,  provided 
its  vertical  height  is  not  more  than  18  or  20  feet,  and  still  realize 
the  full  effect  of  the  total  fall  of  water,  since  it  acts  by  suction.    The 
draught-tube  is  usually  made  of  riveted  sheet-steel,  and  must  be  air- 
tight and  submerged  (6  inches  or  more)  in  the  tail- water  at  its  lower 
end  in  order  to  maintain  a  partial  vacuum.    There  should  be  a 
space  below  the  bottom  of  the  draught-tube  at  least  equal  to  its  own 
diameter,  so  that  the  water  may  be  delivered  freely.    In  the  case 
of  a  turbine  with  a  horizontal  shaft,  the  use  of  a  draught-tube  is- 
practically  essential,  because  the  wheel  must  be  raised  some  distance 
above  the  water-level,  which  also  permits  the  dynamos  to  be  con- 
veniendy   belted   or   directly   coupled   to   the   turbine-shaft.    The 
arrangement  of  the  penstock  and  draught-tube  is  shown  in  Fig.  69. 

A  tail-race  or  tunnel  must  be  constructed  to  carry  away  the 
water,  unless  the  wheels  deliver  it  directly  into  the  stream  below 
the  dam  or  fall.  In  the  case  of  the  100,000-H.P.  plant  at  Niagara 
Falls,  a  timnel  about  20  feet  in  diameter  and  7,000  feet  long  leads 
from  the  bottom  of  the  two  wheel-pits,  which  are  175  feet  deep,, 
located  about  a  mile  above  the  Falls,  and  empties  into  the  river 
below  the  Falls.  The  cross-section  of  the  tail-race  or  tunnel  should 
be  so  large  that  the  velocity  of  the  water  in  it  shall  not  exceed  90  to 
120  feet  per  minute,  as  in  the  case  of  the  head-race.  In  fact,  this 
rule  applies  generally  to  all  passages  leading  to  or  from  the  wheel, 
but  in  short  iron  pipes  180  feet,  and  in  longer  ones  150  feet  per 
minute  is  allowable. 

Some  of  the  most  important  forms  of  turbine  in  general  use 
are  the  following: — 

The  Leffel  Turbine,  manufactured  in  Springfield,  Ohio,  one  of 
the  standard  tjrpes,  is  made  in  many  different  forms  suitable  for 
various  purposes.  The  ordinary  vertical  type,  shown  in  Fig.  70, 
is  usually  inclosed  in  a  globe  casing  of  cast  iron.  The  water  enters  this 
casing  through  a  pipe  bolted  to  the  inlet  flange,  shown  in  front;  it 
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then  runs  from  all  sides  into  the  turbine,  and  finally  discharges 
through  a  draught-tube  bolted  to  the  flange  at  the  bottom. 

The  casing  of  the  LeflFel  wheel  is  provided  with  a  removable 
cover  bolted  on  the  top,  allowing  the  wheel  to  be  lifted  out  of  the 
casing.  A  large  manhole,  as  well  as  handhole,  on  the  side,  admit 
of  examination,  or  the  removal  of  any  obstruction  that  may  get 
into  the  casing.  A  bridge-tree  bolted  to  the  top  cap  carries  an 
oil-bearing  supporting  the  upper  end  of  the  water-wheel  shaft,  to 
which    latter   a    clutch-coupling    is    attached.    StuflBng-boxes    are 


Fig.  70,     UffBk  TurbiM, 

arranged  in  the  cap,  through  which  the  gate-rod  and  wheel-shaft 
pass,  preventing  leakage  of  water;  and  bolts  are  provided  for  tighten- 
ing the  packing,  should  it  become  loose  or  worn.  The  latest  design 
of  the  Leffel  type,  called  the  "Samson'*  turbine,  is  made  in  the 
simple,  vertical  form  represented  in  Fig.  69a,  also  several  arrange- 
ments with  horizontal  shaft.  The  Samson  wheel  is  usually  pro- 
vided with  a  cylindrical  casing  having  cast-iron  ends  and  sheet-steel 
sides.  It  is  not  essential,  however,  to  use  the  globe  or  cylinder 
casing,  and  in  some  cases  the  wheels  are  set  directly  in  the  bottom 
of  a  penstock  built  of  planking.  The  power  of  LeflFel  and  Samson 
wheels  is  controlled  by  opening  and  closing  the  "gates"  (i.e.,  blades), 
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through  which  the  water  enters  the  wheel  all  around  its  periphery. 
These  are  pivoted  in  the  middle  so  as  to  be  balanced  and  are  caused 
to  swing  open  more  or  less  by  the  gate-rod,  shown  on  the  left  of 
the  main  shaft  in  Fig.  70.  This  gate-rod  is  operated  by  hand,  or 
controlled  automatically  by  a  centrifugal  governor. 

The  "runner,"  or  moving  element  of  the  LeflFel  and  Samson 
turbines,  differs  from  others  in  being  composed  of  two  wheels  of 
different  diameters,  one  within  the  other.  The  water  enters  the 
inner  wheel  or  set  of  buckets  through  the  openings  AB  in  Fig.  70a, 


fl9,  70a,    RuriMr  of  Vertical  Samton  TurbiM. 

and  it  enters  the  outer  buckets  through  the  openings  CD.  Both  sets 
receive  water  from  the  same  stationary  guide-casing  within  which 
the  runner  rotates.  The  outer  or  main  buckets  are  made  of  flanged 
plate-steel  cast  into  a  heavy  ring  EF  and  a  diaphragm  separating 
the  two  sets  of  buckets.  The  earlier  Leffel  turbine  is  a  combination 
of  the  inward  or  central  discharge  wheel  and  of  the  downward  dis- 
charge wheel.  In  the  later  Samson  turbine  the  discharge  from 
;hc  inner  wheel  is  inward  and  downward  and  from  the  outer  buckets 
it  is  dowTiward  and  outward  at  GH  in  Fig.  70a,  hence  each  receives 
and  discharges  independently  its  portion  of  the  water. 
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The  LeflFel  wheels  are  made  in  7  standard  sizes  from  10  to  23 
inches  in  diameter,  developing  with  20-foot  head  5  to  50  H.P.  at 
600  and  450  r.p.m.  respectively.  There  are  12  sizes  of  Samson 
wheels  from  17  to  68  inches  in  diameter,  20  to  835  H.P.  under  a 
head  of  20  feet  at  416  to  107  r.p.m.  The  Samson  turbine  repre- 
sented in  Fig.  69a  is  68  inches  in  diameter  and  develops  300  H.P. 
at  72  r.p.m.,  consuming  20,000  cubic  feet  of  water  per  minute. 

The  Victor  Turbine  is  another  well-known  type  manufactured 
by  the  Stilwell-Bierce  and  Smith- Vaille  Company  of  Dayton,  Ohio. 
It  is  made  with  "cylinder-gate"  in  seventeen  sizes  from  12  to  60 
inches  diameter,   with   "register-gate"  in  four  sizes  from  6  to  12 


Fig.  71,    Pair  of  Victor  Turbinot  with  Central  Diaohargo. 


inches  diameter,  and  of  the  "high-pressure"  form  in  twenty-three 
sizes  from  14  to  72  inches  diameter.  The  last  named  develops 
799  H.P.  at  127  r.p.m.  under  a  head  of  100  feet,  and  8,933  H.P.  at 
285  r.p.m.  imder  500  feet  head,  being  capable  of  operating  under 
heads  up  to  675  feet  or  even  more.  A  pair  of  27-inch  Victor  tur- 
bines mounted  on  the  same  horizontal  shaft  are  shown  in  Fig.  71. 
The  riveted-steel  central  discharge  casing  is  designed  to  be  set 
in  an '  open  concrete  or  masonry  flume,  the  water  flowing  from  all 
sides  into  the  two  sets  of  openings  shown.  A  large  cast-iron  ring 
at  the  left  is  built  into  the  flume  wall,  to  which  the  circular  cast- 
iron  flume  head  is  bolted.  Through  this  passes  the  main  shaft  with 
a  flanged  coupling  for  direct  connection  with  the  generator.  A 
"cylinder-gate"  which  varies  the  power  by  covering  more  or  less  of 
the  wheel  is  moved  longitudinally  back  and  forth  by  draw-rods  also 
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passing  through  the  flume  head  and  operated  by  racks  and  pinions 
as  represented. 

Results  obtained  from  a  25- inch  Victor  turbine  imder  144  feet  heai 
rated  at  500  H.P.  and  480  r.p.m.,  directly  coupled  to  a  300-K.W.- 
three-phase  generator,  are  given  in  Fig.  71a.  This  test  was  made 
by  W.  A.  Brakenridge,  Resident  Engineer  of  the  Niagara  Falls. 
Power  Company,  and  shows  very  high  efficiencies  above  half  gate,, 
which  gave  280  H.P.,  being  79  to  84  per  cent.     At  smaller  loads^; 


Fig,  71a.    T99tof2Mnoh  Victor  Turbin*  undw  144  Ftet  Htad. 

the  efficiency  falls  rather  rapidly,  being  65  per  cent  at  150  H.P. 
with  .3  gate.  A  wheel  may  be  designed  for  higher  efficiency  at 
light  loads,  but  it  would  not  give  more  than  about  80  per  cent  at 
full  load.  This  point  should  always  be  considered  in  selecting 
machinery  of  any  kind.  It  is  to  be  noted  also  that  these  efficiencies 
apply  to  the  turbine  alone,  losses  in  the  generator  and  in  gearing 
or  belting,  if  used,  being  excluded.  Furthermore  there  is  almost 
always  considerable  loss  of  head  in  actual  operation,  the  level  in 
the  flume  being  lower  and  that  of  the  tail-race  or  wheel-pit  being 
higher  than  with  still  water  when  the  nominal  head  is  determined. 
Tlie  McCormick  Turbine  is  made  by  the  S.  Morgan  Smith  Com- 
pany of  York,  Pa,,  in  twenty  sizes  from  9  to  72  inches  diameter^ 
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developing  from  12.3  to  1,000.7  H.P.  under  20  feet  head  at  594  and 
83  r.p.m.  respectively.  A  pair  of  33-inch  wheels  of  this  kind  devel- 
oping 1,500  H.P.  and  directly  coupled  to  a  generator  are  shown  in 
Fig.  69.  This  arrangement  is  for  central  discharge  similar  to  that 
in  Fig.  71,  but  the  two  wheels  are  inclosed  in  an  iron  casing  to  which 
the  water  is  brought  by  an  inclined  penstock,  whereas  the  turbines 
in  Fig.  71  are  intended  to  be  submerged  m  an  open  flume. 

The  New  American  Turbine  is  manufactured  by  the  Dayton 
Globe  Iron  Works  in  twelve  sizes  from  16  to  66  inches  diameter 
of  the  "improved"  form,  and   in   seventeen   sizes   from  13  to  60 


F\g.  72.    Pelton  Water-Wheei  Directly  CoupM  to  Dynamo, 

inches  diameter  of  the  "special'*  type.  The  former  are  especially 
designed  to  drive  electric  generators,  having  33  per  cent  greater 
speed  and  about  20  per  cent  greater  power  than  the  other  wheels 
of  the  same  size.  A  number  of  forms  adapted  to  particular 
conditions  are  s^lso  made,  being  known  as  "reduced-discharge" 
wheels.  The  runner  of  the  new  American  turbines  resembles  that 
illustrated  in  Fig.  70a,  with  the  upper  row  of  openings  AB  omitted, 
there  being  only  one  set  of  buckets.  It  consists  of  a  single  iron 
casting  made  by  means  of  dry  sand  cores. 

The  Pelton  Water-Wheel  belongs  to  the  class  of  tangential  or 
jet  wheels  already  defined,  and  is  represented  in  Fig.  72  directly 
coupled  to  a  generator.    These  wheels  are  particularly  adapted 
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to  very  high  pressures,  being  used  in  many  cases  under  a  head  of 
1,0CX)  feet  or  more. 

The  great  advantage  of  this  type  is  extreme  simplicity  and  com- 
pactness, at  the  same  time  giving  a  high  efficiency  of  80  to  85  per 
cent,  equal  to  that  of  the  best  turbines.    The  efficiency  of  the  tan- 
gential wheel  depends  upon  a  principle  similar  to  that  of  the  turbine, 
as  explained  in  connection  with  Fig.  68.    A  cylindrical  jet  of  water 
J  strikes  against  a  bucket  B  having  the  general  form  shown  in  Fig.  73, 
and  is  divided  into  two  equal  parts  by  the  wedge  in  the  middle  of  the 
bucket.    Each  of  these  streams 
5  and  S  is  deflected  around  by 
the  concave  surfaces  and  deliv- 
ered backward  at  a  velocity 
approximately   equal   to   that 
of   the    wheel.    The   streams 
55    should    flow    out    at    an 
angle  to  the  plane  of  the  wheel 
in    order   to    clear   the    next 
bucket  at  B  and  E  as  shown, 
otherwise     a    back    pressure 
would  be  produced.    If  FG 

represents  the  relative  velocity  of  the  water  and  GH  the  peripheral 
speed  of  the  wheel,  then  FH  is  the  absolute  velocity  of  the  water. 
The  angle  FGH  corresponds  to  DEF  in  Fig.  68. 

Regtdation  of  Pellon  Wheels, — ^The  speed  and  power  of  these 
wheels  can  be  controlled  by  using  several  nozzles  acting  at  different 
points  on  the  periphery,  which  are  turned  on  or  off  according  to  the 
power  required.  The  power  of  tangential  wheels  is  also  varied  by 
using  a  deflecting  nozzle  provided  with  a  ball-and-socket  joint  so 
that  the  jet  may  be  thrown  either  fully  or  partially  against  the  buckets. 
This  method  wastes  water  and  where  that  is  objectionable  the  regu- 
lation may  be  effected  by  varying  the  size  of  the  jet  either  with  a 
movable,  tapering  plug  inserted  in  the  nozzle  or  by  means  of  a  cut-off 
hood  on  the  end  of  the  nozzle,  the  position  of  which  is  altered  to* 
adjust  the  discharge  area.  Various  forms  of  water-wheel  governors 
described  later  may  be  used  to  secure  automatic  regulation  of  speed. 

Setting  Up  and  Connecting. — ^A  Pelton  wheel  is  mounted  upon 
a  timber  frame  or  an  iron  base,  as  represented  m  Fig.  72,  bol  ed 
to  suitable   foundations.    To   prevent   the   water  from  scattering 


ng.  73.    Prineiple  of  P^tton  Wheet, 
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about,  the  wheel  is  inclosed  in  a  housing  of  wood  or  iron,  with  ample 
clearance  on  all  sides  for  free  discharge.  The  nozzle  should  be 
firmly  braced,  since  the  jet  produces  a  strong  reaction.  Several 
sizes  of  nozzle  are  provided,  which  can  readily  be  unscrewed  and 
changed  to  give  different  power.  The  water  is  usually  brought  to  the 
wheel  from  the  canal  or  flume  by  a  pipe  made  of  riveted  sheet -steel, 
covered  inside  and  out  with  asphaltum  to  prevent  corrosion.  The 
pipe,  usually  made  in  lengths  of  about  25  feet  for  convenient  rail 
or  boat  transportation,  may  be  connected  by  a  simple  slip-joint,  one 
€nd  of  the  pipe  being  slightly  tapered  so  as  to  be  forced  into  the 
larger  end  of  the  next  section.  If  properly  made  this  is  safe  for 
heads  up  to  300  feet.  The  lead  joint,  which  will  stand  700  feet 
head,  is  made  with  the  ends  of  the  pipes  of  the  same  size  butted 
together,  a  sleeve  being  fitted  inside  and  a  collar  outside,  leaving  a 
space  of  about  f  inch,  into  which  melted  lead  is  run.  A  flanged 
joint  with  a  rubber  gasket  between  flanges  riveted  to  the  ends  of  the 
pipes  and  bolted  together  should  be  used  for  still  higher  pressures. 
Sheet-steel  pipe,  double-riveted  on  longitudinal  and  single-riveted 
on  circular  seams,  24  inches  in  diameter  and  made  of  steel  .20  inch 
thick,  will  safely  stand  400  feet  head.  For  other  pressures  and 
pipe  diameters  the  thickness  of  metal  should  be  in  direct  proportion. 
The  loss  of  head  in  pipes  due  to  friction  may  be  calculated  by  the 
following  expression, 

in  which  F  is  the  loss  of  head  in  feet,  L  is  the  length  of  pipe  in  feet, 
D  is  the  ijiside  diameter  of  pipe  in  inches,  and  V  is  the  velocity  of 
flow  in  feet  per  second,  usually  between  2  and  7,  within  which 
limits  this  formula  applies. 

Standard  diameters  of  Pelton  wheels  are  6,  12,  15,  18,  and  24 
inches,  also  3,  4,  5,  and  6  feet,  the  five  smaller  sizes  being  called 
water-motors.  Under  500  feet  head,  producing  a  pressure  of  217 
lbs.  per  square  inch  and  an  efflux  velocity  of  179.3  feet  per  second, 
the  6-inch  wheel  develops  6.7  H.P.  at  3426  r.p.m.,  the  12-inch  15.7 
H.P.  at  1,713  r.p.m.,  the  24-inch  83.8  H.P.  at  856  r.p.m.,  the  4-foot 
335  H.P.  at  428  r.p.m.,  and  the  6-foot  755  H.P.  at  285  r.p.m.  The 
approximate  power  for  other  sizes  of  18  inches  or  more  and  heads  up 
to  1,000  feet  is  given  by  the  expression  H.P  =.00188£>V^",  in 
which  D  is  the  diameter  and  H  is  the  head,  both  in  feet. 
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The  Dobel  Tangential  Wheel  differs  from  the  Pelton  tjrpe  in 
the  shape  of  its  buckets;  m  fact  there  are  many  forms  on  the  market. 
One  of  the  earlier  Pelton  buckets  shown  at  £  in  Fig.  73a  is  bolted 


A 


m 


r/g.  7Ba.    fwm%  ofBuektt  Tang0ntlai  WatT-Wh—h. 

to  the  wheel  by  the  projection  R,  It  consists  of  two  half  cylinders 
tangent  along  the  edge  ERy  the  ends  of  the  two  being  flat  and  per- 
pendicular to  the  axes  of  the  cylinders.  Some  of  the  later  Pekon 
buckets  are  made  with  the  ends  more  rounded,  but  in  either  case 
the  jet  is  equally  divided  by  the  edge  E  or  F  and  discharges  largely 
from  the  sides  JK  or  LM.  The  Doble  bucket  consists  of  two  half 
ellipsoids  and  the  outer  portion  is  cut  away  at  G  where  it  enters 
and  leaves  the  jet.  The  smooth  curved  surfaces  allow  the  discharge 
to  take  place  freely  in  all  directions.  The  bucket  of  the  Hug  wheel, 
on  the  other  hand,  discharges  at  P  and  Q  or  toward  the  center. 
Hence  there  is  no  settled  practice  or  even  general  similarity  in  this 
respect. 

Besides  the  types  of  tangential  wheels  described,  the  Cazin, 
Risdon,  and  Girard  are  also  manufactured,  the  last  being  European. 

Water-Wheel  Governors. — ^In  many  factories  and  mills  ^  small 
variations  in  speed  are  not  very  objectionable,  so  that  it  is  sufficient 
to  regulate  the  speed  of  water-wheels  by  opening  and  closing  the 
gates  by  hand.  In  electrical  plants,  however,  an  automatic  gov- 
ernor is  usually  necessary. 

The  Lombard  Governor  consists  essentially  of  a  piston  working 
in  a  hydraulic  cylinder,  the  piston-rod  of  which  terminates  in  a  rack 
geared  positively  to  the  mechanism  that  opens  and  doses  the  water- 
wheel  gate.  The  admission  of  water  under  pressure  to  one  end  or 
the  other  of  the  cylinder  is  determined  by  a  valve,  the  latter  being 
controlled  by  a  centrifugal  governor,  shown  at  the  top  in  Fig.  736. 
This  governor,  connected  through  bevel  gearing  to  a  pulley  that 
is  driven  from  the  main  shaft  by  a  small  belt,  runs  at  485  r.p.m.  In 
the  case  of  tangential  wheels  or  moderate-sized  turbines  working 
under  considerable  head,  the  pressure  of  the  water  obtained  from 
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the  flume  is  sufiicient  to  operate  the  hydraulic  piston.  The  partic- 
ular form  shown  (Type  L),  with  24-inch  stroke  and  a  piston  diameter 
of  6  inches,  develops  24.29  ft.-lbs.  per  foot  of  head  in  each  stroke, 
A  head  of  100  feet  giving  2,429  ft.-lbs.  would  be  sufficient  to  operate 
a  gate  of  any  reasonable  size  and  even  smaller  cylinders  w^ill  regulate 
tangential  wheels.    Where  more  work  must  be  done  10-  or  16-inch 


Fig,  73b.    Lombard  Qovwnor, 


cylinders  are  used,  and  with  insufficient  head  of  water  the  pistons 
are  operated  by  oil  at  a  pressure  of  200  lbs.  per  square  inch.  The 
oil  is  supplied  from  a  tank  in  which  air  pressure  is  maintained  by  a 
small  pump.  This  last  type,  with  a  cylinder  6x24  inches  developing 
11,300  ft.-lbs.  each  stroke,  is  capable  of  working  a  large  gate,  or  even 
several,  simultaneously. 
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In  order  to  synchronize  alternators  running  in  parallel,  the 
governors  must  be  controlled,  and  it  is  desirable  to  do  this  from 
the  switchboard.  This  is  accomplished  in  the  Lombard  governor  by 
attaching  to  it  a  small  electric  motor  which  lengthens  or  shortens 
the  valve  stem,  thus  varying  the  speed.  The  direction  of  rotation 
of  the  motor  is  determined  by  two  push-buttons  on  the  switchboard, 
which  enables  the  frequency  and  phase  of  the  alternators  to  be 
regulated  exactly.  A  pin-clutch  operated  by  a  small  hand  wheel 
also  enables  the  gates  to  be  worked  by  hand  with  the  large  wheel 
shown  in  Fig.  736. 

The  Sturgess  Water- Wheel  Governor  is  similar  in  principle  to 
the  Lombard  type,  the  gate  mechanism  being  operated  by  water 
or  oil  pressure  acting  on  a  piston  and  controlled  by  a  valve  and  cen- 
trifugal governor.  In  this  case,  however,  the  piston  is  rectangular 
and  mounted  radially  on  a  shaft  whose  axis  coincides  with  that  of 
the  cylinder.  This  shaft  is  connected  to  the  gate  by  gearing  so  that 
the  motion  of  the  piston,  which  swings  through  315°,  causes  it  to 
open  or  close.  This  governor  may  also  be  equipped  with  a  supple- 
mentar>'  electric-motor  control  similar  to  the  Lombard  device. 

The  Woodward  Water-Wheel  Governor  operates  mechanically 
and  differs  from  the  two  foregoing  forms  in  which  the  movement 
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Fig,  73c.     Woodward  Water- Wheel  Qovernor. 


of  the  gate  is  effected  by  water  or  oil  pressure.  The  power  required 
is  taken  from  the  main  shaft  by  a  belt  to  the  large  pulley  in  Fig.  73c. 
A  double-beveled  friction-wheel  is  keyed  to  the  shaft,  to  which  this 
pulley  is  also  keyed.  On  each  side  of  the  friction-wheel  is  a  friction- 
pan   carrying  a  spur-pinion  and  moun.ed  loosely  upon  the  shaft. 
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These  pinions  engage  with  gears  on  a  back  shaft,  one  directly  and 
the  other  through  an  intermediate  gear,  thus  giving  reverse  move- 
ments. A  thrust-collar  attached  to  the  pulley-shaft  enables  the 
friction-wheel  to  be  forced  against  either  friction-pan  by  means  of  a 
fork  connected  to  the  mechanism  of  a  centrifugal  governor  through 
a  lever  and  crank.  Any  speed  above  or  below  normal  causes  the 
gate  to  close  or  open  since  it  is  connected  to  the  back  shaft.  The 
governor  is  driven  by  a  belt  on  a  small  pulley  as  shown. 

Relief  Valves. — When  the  flow  of  water  in  a  pipe  or  other  closed 
conduit  is  suddenly  stopped,  there  is  what  is  commonly  called  a 
water-hammer  effect.  The  pressure  exerted  in  pounds  per  square 
inch=MF-^r,  M  being  the. mass  (weight -5- 32.2),  F  the  velocity  in 
feet  per  second,  and  T  the  time  in  seconds  during  which  the  motion 
is  arrested  (with  uniform  retardation).  Since  the  pressure  is  in- 
versely proportional  to  this  time,  it  may  be  enormous  if  a  gate  is 
very  suddenly  closed,  especially  at  the  end  of  long  pipe,  when  the 
mass  M  would  be  large.  To  avoid  this  excessive  pressure,  which 
might  easily  burst  the  pipe,  a  stand-pipe  or  relief-valve  should  be 
connected  to  it  near  the  gate.  The  former  is  expensive  and  clumsy, 
particularly  with  high  heads,  so  that  relief-valves  are  more  generally 
used  in  such  cases.  They  are  similar  to  safety-valves  on  boilers, 
being  set  to  open  when  the  pressure  rises  a  certain  amoimt  above 
its  normal  value. 

Connection  of  Water-Wheels  with  Generators  will  be  considered 
in  the  following  chapter,  in  which  direct  coupling,  belting,  and 
gearing  are  discussed. 

WIimiCIIiLS  FOB  ISXjEOTBIO  UaHTINO. 

In  some  cases  electric-lighting  plants  are  operated  by  the 
power  obtained  from  windmills;  but  the  obvious  difficulty  is  the 
imsteadiness  of  the  wind,  the  slightest  variation  in  voltage  being 
particularly  objectionable  in  incandescent  lighting.  This  difl&culty 
is  more  or  less  overcome  by  the  use  of  a  storage-battery,  which  is 
charged  by  the  windmill  and  dynamo,  the  actual  current  for  lighting 
being  obtained  from  the  battery. 

According  to  the  observations  of  the  United  States  Signal  Ser- 
vice,* the  average  velocity  of  the  wind  for  the  year  is  9  miles  per 
hour  along  the  North  Atlantic  coast  and  in  the  Northwestern  States, 

*  "Horse-power  of  Windmills,"  Scienliftc  American,  July  8, 1893. 
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10  miles  on  the  plains  of  the  West,  and  6  miles  in  the  Gulf  States. 
A  10- mile  breeze  exerts  a  pressure  of  about  \  lb.  per  square  foot; 
15  miles,  liV  lbs.;  20  miles,  2  lbs. 

The  apparatus  for  an  electric-lightinjg  plant  consists  of  a  wind- 
mill of  any  of  the  numerous  types  manufactured  and  a  dynamo 
having  a  capacity  equivalent  to  the  maximum  power  of  the  wind- 
mill, the  two  being  mechanically  connected  by  belting  or  gearing. 
It  is  also  necessary  to  apply  some  automatic  device  which  will  cause 
the  dynamo  to  charge  the  storage-battery  only  when  its  speed  and 
voltage  rise  above  a  certain  value.  This  may  be  mechanical  or  elec- 
trical; for  example,  a  centrifugal  govemor  combined  with  a  switch 
so  as  to  close  the  latter  when  the  speed  reaches  a  certain  limit  and 
open  it  when  the  speed  falls  below  this  value;  or  an  electromagnetic 
device  may  close  the  circuit  when  the  voltage  of  the  d)mamo  rises 
to  the  proper  point.  If  such  a  device  were  not  used,  the  battery 
would  discharge  back  through  the  dynamo  when  the  E.M.F.  of 
the  latter  fell  below  that  of  the  former. 

Another  device  to  maintain  reasonably  constant  voltage  with  wide 
variations  in  speed  consists  in  winding  the  field-magnets  of  the 
dynamo  difiFcrentially;  that  is,  with  a  series-coil  which  opposes  the 
magnetizing  eflFcct  of  the  shunt-coil,  so  that,  as  the  speed  of  the' 
dynamo  and  the  current  increase,  this  series-coil  will  tend  to  demag- 
netize the  field  and  keep  down  the  EM.F. 

For  further  information  in  regard  to  water-power  and  wind- 
power,  reference  may  be  made  to  the  following  books  and  articles: 

A  Treatise  on  Hydraulics,  by  Prof.  M.  Meniman;  8th  Edit.,  N.  Y.,  1903. 

Hydratdic  Motors  and  Turbines,  by  G.  R.  Bodmer;  Sd  Edit.,  N.  Y.,  1902. 

Hydraulics  and  Hydraulic  Motors,  by  Weisbach.  Translated  by  A.  J.  DuBois; 
2d  Edit.,  N.  Y. 

Hydraulic  Power  Engineering,  by  G.  Croyden  Marks,  London  and  New  York, 
1900. 

Hydraulic  Machinery,  by  R.  C.  Blaine,  London  and  New  York,  1897. 

Development  and  Transmission  of  Power,  by  W.  C.  Unwin,  London,  1894. 

Construction  of  Milt  Dams,  Published  by  James  LefiFel  &  Co.,  Springfield, 
Ohio. 

"Central  Stations  Operated  by  Water  Power,"  a  paper  before  National  Electric 
Light  Association,  September,  1891,  Electrical  Engineer,  Sept.  16,  1891.     (Historical.) 

"Cost  of  Steam  Power,  etc."  (Appendix  on  Water  Power),  Dr.  C.  E.  Emery, 
Trans,  Amer,  Inst.  Elec,  Eng.,  March,  1893. 

"Water  Power,  Its  Generation  and  Transmission,"  Samuel  Webber,  Trans 
Amer,  Sac,  Meek,  Eng.,  December,  1895. 

The  WindmiU  as  a  PHme  Mover,  by  A.  R.  Woolf,  New  York,  1890. 

"Generating  Electricity  by  Windmills,"  I.  N.  Lewis,  Engineering  Magazine^ 
December,  1894. 
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CHAPTER    XV. 

MECHANICAIi    COflNECTIONS    BJd*rWEE^    ENGINES  ANI> 

GENEBATOBB. 

DIBSOT  DBIVINa,  BEIjTINa,  AND  OXJLBINa. 

Various  means  are  employed  to  comiect  the  engine  or  other 
prime  mover  with  the  generator,  of  which  the  following  are  the 
most  important: — 

1.  Direct  driving. 

2.  Belting  (flat). 

3.  Rope  driving. 

4.  Toothed  gearing. 

5.  Peculiar  forms  of  connection,  such  as  friction  and  magnetic 

gearing. 

Other  apparatus,  such  as  shafting,  clutches,  hangers,  pulleys, 
etc.,  are  used  in  connection  with  the  above-named  methods. 

Direct  Driving. — ^This  term  may  be  applied  generally  :o  all 
cases  where  a  generator  is  driven  without  intermediate  belling  or 
gearing.  Direct  connection  may  be  used  specifically  to  designate 
the  arrangement  in  which  the  revolving  armature  or  field  is  mounted 
on  the  engine  or  turbine  shaft;  and  direct  coupling  should  mean 
that  each  has  its  shaft,  the  two  being  coupled  together  either  rigidly 
or  flexibly.  These  distinctions  are  desirable,  but  ordinarily  the 
terms  are  all  used  in  the  same  general  sense.  This  method  is  the 
simplest,  and  for  that  reason  the  most  desirable  connection  provided 
it  can  be  carried  out  without  involving  sacrifices  that  oflFset  its  advan- 
tages. It  compels  the  engine  and  generator  to  run  at  the  same 
speed,  and  gives  rise  to  certain  difficulties,  for  the  reason  that  the 
most  desirable  speeds  of  the  two  machines  may  not  agree.  The  most 
advantageous  speed  of  a  generator  is  considerably  higher  than  that 
of  the  corresponding  reciprocating  steam-  or  gas-engine.  Hence  it 
is  necessary  either  to  raise  the  speed  of  the  engine  above  the  point 
at  which  it  works  well  or  reduce  the  speed  of  the  generator  below 
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that  at  which  it  gives  its  full  capacity,  in  order  to  make  the  two 
coincide.  The  running  of  an  engine  above  a  certain  speed  is  de- 
cidedly objectionable,  since  i-  reduces  its  efficiency,  requires  more 
attention,  increases  the  wear  and  repairs,  and  consumes  more  oil. 

The  speed  of  a  generator,  on  the  other  hand,  can  be  brought 
down  without  much  sacrifice  of  efficiency  or  other  disadvanlage, 
except  that  the  output  is  decreased,  or,  what  is  the  same  thing, 
the  size  and  weight  are  increased  for  a  given  output.  The  usual 
way  to  construct  a  low-speed  dynamo  is  to  make  the  armature  of 
large  diameter,  thus  securing  a  sufficiently  high  peripheral  velocity; 
at  the  same  time  the  armature  core  is  made  in  the  form  of  a  ring, 
wi  h  comparatively  small  radial  thickness,  in  order  to  reduce  the 
weight  of  iron  required.  Nevertheless,  the  frame,  shaft,  bearings, 
and  other  parts  of  such  a  machine  are  necessarily  heavier  and 
more  costly  than  if  the  armature  were  of  smaller  diameter  and  higher 
speed.  The  compactness,  simplicity,  and  general  advantages  of 
direct  coupling  are  so  great,  however,  that  they  generally  warrant 
the  extra  cost.  The  subject  of  generator  design  and  construction  is 
discussed  in  Chapters  XVII  and  XVIII  and  the  various  cases  of 
direct  driving  will  now  be  considered  separately. 

The  direct  driving  of  generators  by  water-turbines  can  usually  be 
carried  out  without  departing  much  from  the  normal  speed  of  either 
machine;  that  is  to  say,  the  ordinary  speed  of  a  turbine  agrees 
fairly  well  with  the  normal  speed  of  a  generator  of  corresponding 
power  provided  the  head  is  sufficient.  The  shaft  of  the  former, 
however,  is  usually  vertical,  while  that  of  the  latter  is  horizontal; 
hence,  in  order  to  drive  directly,  one  or  the  other  must  be  changed 
from  i.s  ordinary  arrangement.  This  can  be  done  either  by  construct- 
ing a  generator  to  revolve  on  a  vertical  shaft  or  a  turbine  with  a  hori- 
zontal shaft  (Fig.  69)  can  be  obtained.  If  the  armature  is  mounted 
direclly  upon  the  shaft  of  a  vertical  turbine,  the  total  weight  becomes 
large  and  must  be  supported  on  some  adequate  form  of  thrust-  or 
step-bearing.  In  some  cases  provision  is  made  to  take  a  portion 
or  all  of  the  weight  off  of  the  bearings,  either  by  magnetic  attrac- 
tion or  by  causing  the  upward  pressure  of  the  water  in  the  turbine 
to  balance  the  weight.  Devices  of  the  former  kind  have  been  con- 
structed by  the  Oerlikon  Works  of  Swi.zerland,  one  of  which, 
described  in  the  Electrical  Engineer  (New  York)  of  Aug.  22,  1894, 
balances  a  load  of  30,000  lbs.,  consisting  of  a  600  H.P.  turbine 
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and  dynamo,  the  consumption  of  electrical  energy  being  only  \  H.P, 
per  ton,  or  |  of  1  per  cent.  The  magnet,  which  is  fixed,  is  circular 
in  form  and  multipolar.  It  acts  upon  a  flat  ring  armature  attached 
to  the  shaft,  and  made  of  iron  ribbon  to  prevent  the  generation  of 
eddy  currents.  Provision  is  made  for  varying  the  attracting  force. 
The  upward  pressure  of  the  water  has  also  been  used  to  balance 
the  weight,  but  the  serious  difficulty  arises  that  this  pressure  varies 
with  the  amount  of  opening  of  the  gate  and  is  therefore  insufficient 
at  light  loads.  In  the  case  of  the  5,000  H.P.  two-phase  generators 
of  the  Niagara  Falls  Power  Company,  the  revolving  field-magnet 
is  mounted  on  the  top  of  the  vertical  shaft  of  a  turbine.  The  weight 
of  moving  parts  is  about  150,000  lbs.  and  is  carried  on  a  single  flange 
attached  to  the  shaft  that  revolves  on  a  fixed  ring,  oil  under  high 
pressure  being  forced  between  the  two  surfaces  so  that  the  weight 
practically  floats  upon  it.  The  principle  is  the  same  as  that  of  the 
step-bearing  of  the  Curtis  steam-turbine  represented  in  Fig.  60. 

A  turbine  with  horizontal  shaft  can  be  coupled  directly  to  a  gen- 
erator in  the  manner  illustrated  in  Fig.  69.  This  arrangement  is 
open  to  the  objection  that  the  electrical  machinery  must  be  placed 
below  the  upper  water  level  and  rather  near  the  lower  level  even 
when  a  draught-tube  is  used.  Hence  it  is  exposed  to  moisture  to 
which  it  is  vulnerable  or  may  actually  be  flooded  in  case  the  tail 
water  backs  up,  as  it  often  does.  Nevertheless  this  plan  is  frequently 
adopted  on  account  of  its  simplicity  and  its  convenience  if  moisture 
is  properly  guarded  against.  To  make  any  kind  of  direct  driving 
advantageous  it  is  generally  necessary  that  a  considerable  head  of 
30  to  50  feet  or  more  be  available.  Otherwise  the  speed  of  the 
wheel  is  so  low  that  a  corresponding  generator  would  be  unduly 
expensive.  Furthermore  the  power  of  a  single  wheel  of  reasonable 
diameter  is  not  sufficient  to  run  a  generator  of  the  large  size  usually 
desired.  For  these  reasons  the  arrangement  represented  in  Figs. 
69a  and  696  is  commonly  adopted  for  low  heads,  several  wheels 
being  used  to  give  enough  power  for  one  generator  and  bevel  gearing 
introduced  to  multiply  the  speed  as  well  as  to  change  the  direction 
of  motion.  When  generators  are  driven  by  Pelton  or  other  forms 
of  tangential  water-wheels,  it  is  almost  universal  practice  to  couple 
them  together  as  illustrated  in  Fig  72.  In  many  cases  each  machine 
is  complete  in  itself  and  the  two  are  placed  on  a  cast-iron  bed-plate. 
Sometimes  one  of  the  four  bearings  is  omitted,  requiring  the  arma- 
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ture  to  be  rigidly  mounted  upon  or  connected  to  the  shaft.  Rigid 
couplings  are  often  used  for  direct  coupling,  or  flexible  couplings 
similar  to  that  shown  in  Fig.  75  may  be  employed  with  four  bear- 
ings. In  practically  all  cases  the  head  is  sufficient  to  give  the 
requisite  speed  and  power  with  a  single  tangential  wheel. 

The  direct  driving  of  a  generator  by  a  steam-  or  gas-engine  is  accom- 
plished in  several  ways,  the  simplest  of  which  consists  in  mounting 
the  armature  of  the  generator  on  one  end  of  the  engine-shaft.  For 
example,  in  Fig.  43  the  pulley  on  the  farther  side  of  a  center-crank 
engine  may  be  replaced  by  the  armature,  in  which  case  there  are 
only  two  bearings.    Very  often  another  bearing  is  applied  outside 


Fig,  74.    Th0  Harrtaburg  Standard  Engine  Directly  Connected  to  Qenerator. 

of  the  armature,  producing  what  is  known  as  the  three-bearing 
arrangement,  also  with  center  crank.  In  other  cases  the  armature 
is  moimted  alongside  of  the  governor- wheel,  as  illustrated  in  Fig.  74, 
only  two  bearings  being  required,  and  the  engine  of  the  side-crank 
type. 

For  large  engines  which  are  usually  cross-compoimd  tne  general 
construction  represented  on  pages  157  and  179  is  often  adopted, 
the  armature  as  well  as  the  fly-wheel  being  mounted  on  the  shaft 
between  the  housings  of  the  high-  and  low-pressure  cylinders.  In 
other  instances  the  armature  is  moimted  on  one  of  the  shafts,  even 
in  the  largest  sizes,  as  shown  on  pages  48  and  49.  For  smaller  sizes 
of  direct-connected  units  from  25  to  200  K.W.  the  standardization 
recommended  by  the  Ameritan  Society  of  Mechanical  Engineers 
has  already  been  given  on  page  178. 
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Direct  coupling  comprises  an  engine  and  a  generator,  each  com- 
plete in  itself,  and  each  having  two  bearings,  coupled  together  by 
some  mechanical  connection,  which  may  be  either  rigid  or  slightly 
elastic  or  adjustable.  In  the  first  case,  the  two  shafts  are  practically 
equivalent  to  a  single  shaft;  in  fact,  they  might  be  made  in  that  form, 
but  it  would  be  very  inconvenient  in  replacing  or  repairing  either 
the  engine  or  the  generator,  whereas  the  mere  connecting  of  entirely 
distinct  machines  affords  great  advantages  in  this  respect.  It  is 
somewhat  difficult  to  adjust  three  or  four  bearings  exactly  in  line; 
nevertheless  it  can  be  accomplished  wi.h  care  and  good  work- 
manship. 

The  interposition  of  a  coupling  having  more  or  less  flexibility 
avoids  the  necessity  for  perfectly  aligning  the  bearings  of  both 


Fig.  75.    Flexible  Coupling. 

machines,  and  also  the  serious  difficulties  which  arise  if  any  of  the 
bearings  settle  or  wear  more  than  the  others.  There  are  numerous 
forms  of  such  flexible  or  adjustable  couplings,  one  of  which,  that 
would  allow  for  very  imperfect  alignment  of  the  two  shafts,  is  repre- 
sented in  Fig.  75,  and  consists  of  a  wheel  and  a  spider,  one  rigidly 
mounted  on  each  shaft.  Both  are  provided  with  pins,  which  are 
connected  by  springs.  Besides  taking  care  of  differences  in  align- 
ment, a  flexible  coupling  tends  to  reduce  fluctuations  in  angular 
velocity  due  to  gas-  or  steam-engines,  especially  if  the  armature  is 
heavy  or  has  a  fly-wheel  attached. 

An  ordinary  friction- clutch  or  a  magnetic  clutch  (Figs.  79  and 
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80)  is  a  convenient  means  for  directly  coupling  an  engine  and 
generator.  It  is  easily  applied,  being  especially  designed  to  connect 
two  shafts  together,  and  has  the  advantage  over  almost  any  other 
coupling  of  being  readily  disconnected,  so  that  one  or  more  gen- 
erators can  be  stopped  without  interfering  with  the  engines. 
These  forms  of  clutch  will  be  described  later  in  the  present  chapter. 
Direct  driving  with  steam-turbines  has  already  been  considered — 
the  de  Laval  arrangement  having  been  shown  and  described  on 
page  185,  the  armature  being  mounted  upon  the  prolongation  of 
the  shaft  J  of  the  Parsons  turbine  on  page  188,  and  the  Curtis  con- 
struction having  beeu  illustrated  on  page  192. 

BXIiTINa'. 

If  the  generator  is  not  directly  driven  by  the  engine  or  source  of 
power,  it  is  usually  connected  by  some  form  of  belting.  In  fact, 
belting  was  almost  universally  employed  until  about  1892.  The 
simplicity,  compactness,  and  positive  action  of  direct  driving  have 
caused  it  to  become  the  approved  method,  and  belting  has  become 
unpopular.  Nevertheless,  belting  is  still  utilized  in  a  number  of 
instances,  moife  often  for  smaller  machines  but  in  some  cases  for 
large  ones.  One  reason  for  the  continued  use  of  belt-driven  gen- 
erators is  the  fact  that  they  can  be  applied  to  second-hand  engines 
or  those  already  on  hand  that  were  not  designed  for  direct  driving. 
Greater  flexibility  in  the  original  design  of  a  plant  is  possible  and 
new  arrangements  of  old  apparatus  can  be  made  at  any  time.  The 
advantages  of  belting  in  general  are: — 

1.  It  gives  almost  any  desired  ratio  of  speed  simply  and  conveniently. 

2.  It  is  cheap  itself  and  on  account  of  higher  speed  enables  a  cheaper  generator 
to  be  used. 

3.  It  is  applicable  to  almost  any  case  provided  the  space  is  sufficient. 

4.  The  machines  are  almost  entirely  independent,  so  that  either  can  be  changed, 
repaired,  or  operated  without  interfering  with  the  other. 

5.  The  generator  is  insulated  so  far  as  the  belting  is  concerned. 

The  general  disadvantages  of  belting  arc: — 

1.  It  requires  considerable  space,  since  the  machines  must  be  placed  a  certain 
distance  apart  in  order  to  make  the  belt  work  properly. 

2.  The  action  is  not  positive,  there  being  a  certain  slip  even  in  normal  working^ 
and  with  over  load  or  other  trouble  the  belt  may  run  off  or  break. 

3.  Belting  is  somewhat  unsteady  in  action   and  likely  to  cause  slight  fluctuations 
in  the  speed  and  voltage  of  generators  on  account  of  its  slipping  or  flapping.     This 
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is  objectionable,  particularly  in  incandescent  lighting;  but  it  can  usually  be  avoided 
by  proper  design. 

4.  Belting  produces  a  certain  amount  of  noise  which  might  be  objectionable  in 
some  cases,  and  would  be  a  reason  for  the  adoption  of  direct  driving. 

5.  Belts  exert  a  side  pull  on  the  bearings  which  produces  loss  of  power  by  fric- 
tion, also  wear.  However,  there  are  many  generators  that  have  been  running  for 
vears  without  showing  any  considerable  wear  from  this  cause. 

The  following  table  shows  the  principal  kinds  of  belting  that 
may  be  employed,  a  description  of  each  being  given  afterwards. 


KINDS  OF   BELTING. 
Plain, 

1.   LEATHE.  (flat)    ■!   p^rf„„ted. 


(flat)  I 

{ 


Hemp, 

2.  Rope -{  Cotton, 

Rawhide. 


Other  kinds  of  belting  have  been  used,  such  as  rubber,  cotton, 
cotton-leather,  leather-link,  etc.,  being  substitutes  for  plain  leather. 

Plain  Leather  Belting  is  generally  the  most  reliable  and  satis- 
factory. There  are  three  standard  thicknesses — single,  light-double, 
and  double.  For  driving  generators  or  other  high-speed  machinery, 
** light-double"  belting  is  usually  best. 

The  amount  of  power  that  a  given  belt  is  capable  of  transmitting 
is  a  matter  that  is  not  very  definite.  The  ordinary  rule  is  that  a 
"single"  belt  will  transmit  1  horse-power  for  each  inch  in  wid:h 
at  a  speed  of  1,000  feet  per  minute.  If  the  speed  be  greater  or 
less,  the  power  is  correspondingly  increased  or  decreased. 

This  rule  is  based  upon  the  condition  that  the  belt  is  in  contact 
with  the  pulley  around  one-half  of  its  circumference,  or  180°,  which 
is  usually  the  case.  If  the  arc  of  contact  is  less  than  half  a  circle, 
the  power  transmitted  is  less  in  the  following  proportion:  An  arc  of 
contact  of  135*^,  or  three-eighths  of  the  whole  circumference,  gives 
.84,  while  90°  gives  only  .64  of  the  power  derived  from  a  belt-con- 
tact of  180°. 

If,  on  the  other  hand,  the  upper  side  of  the  belt  sags  downward, 
and  the  belt  is  in  contact  with  more  than  half  of  the  circumference 
of  the  pulley,  then  the  grip  is  increased,  and  more  power  can  be 
transmitted.  These  facts  make  it  very  desirable  to  have  the  loost 
side  of  the  belt  on  top.  If  the  loose  side  is  below,  it  sags  away 
from  the  pulleys,  and  is  likely  to  strike  the  floor. 
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The  expression  for  determining  the  width  of  a  single  belt  required 
to  transmit  a  given  horse-power  is 

H.RX1000 

in  which  W  is  the  width  in  inches,  H.P.  the  horse-power  to  be 
transmitted,  C  a  factor  depending  upon  the  arc  of  contact,  S  the 
speed  of  the  belt  in  feet  per  minute,  which  is  equal  to  the  circum- 
ference in  feet  of  the  driving  pulley  multiplied  by  the  r.p.m.  Belts 
slip  or  "creep"  on  the  pulley  about  2  per  cent;  hence  the  proper 
size  of  pulley  should  give  a  calculated  belt  speed  2  per  cent  too  high. 

"Double"  belting  is  expected  to  transmit  one  and  one-half,  and 
"light-double"  one  and  one-quarter,  times  as  much  power  as." single"" 
belting  of  the  same  width.  Belting  formulas  are  only  approximate, 
and  should  not  be  applied  too  rigidly,  since  the  grip  of  the  belt 
upon  the  pulley  varies  considerably  under  different  conditions  of 
tension,  length  of  service,  moisture  in  the  atmosphere,  etc. 

The  smooth  side  of  a  belt  should  always  be  run  against  the 
pulley,  as  it  transmits  more  power  and  is  more  durable.  The 
common  idea  that  the  rough  side  of  a  belt  "has  more  friction"" 
is  entirely  erroneous. 

Generator  or  other  high-speed  belts  should  be  made  "endless'^ 
for  permanent  work;  but  may  be  used  with  laced  joints  temporarily. 
It  is  best  to  order  an  endless  belt  of  the  right  leng  h  from  the  manu" 
facturer;  but  if  necessary  i.  may  be  spliced  with  ordinary  skill* 
Both  ends  of  the  belt  are  pared  down  on  one  side  (opposite)  with  a 
sharp  knife  into  the  form  of  a  long,  thin  wedge,  so  that  when  laid 
together  a  long  uniform  joint  is  obtained  of  the  same  thickness  as 
the  belt  itself.  The  parts  are  then  firmly  joined  by  cement  and 
often  with  rivets  also.  It  may  be  necessary  to  splice  or  lace  a  belt 
while  in  position  on  the  pulleys,  and  for  that  purpose  some  form 
of  belt-clamp  (Fig.  76)  should  be  employed. 

If  a  belt  is  ordered  to  be  made  endless,  or  is  spliced  away  from 
the  pulleys,  great  care  should  be  exercised  in  measuring  the  exact 
length  required.  The  best  way  to  avoid  a  mistake  is  to  use  string 
that  will  not  stretch,  or  preferably  a  wire  put  around  the  pulleys  in 
the  position  to  be  occupied  by  the  belt.  In  measuring  for  a  bel:, 
the  generator  should  be  moved  on  its  sliding  base  so  as  to  make  the 
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distance  the  shortest,  in  order  to  allow  for  the  stretch  of  the  belt, 
which  usually  amounts  to  from  \\.o\  inch  per  foot  of  total  length. 


Fig.  76.    B9lt  Clamp. 

The  lacing  of  a  belt  is  2l  simple  and  common  method  of  making  a 
joint.  At  high  speeds,  however,  a  laced  joint  is  apt  to  pound  on 
the  pulleys,  producing  noise,  and  in  the  case  of  incandescent  lamps 
it  causes  flickering;  nevertheless,  its  simplicity  and  reliability  make 
it  allowable  in  an  emergency  or  for  temporary  use. 

In  lacing  belts  the  ends  should  be  cut  perfectiy  square,  and 
there  should  be  as  many  stitches  of  the  lacer  slanting  to  the  left  as 
there  are  to  the  right;  otherwise  the  ends  of  the  belt  will  shift  side- 
ways, owing  to  the  imequal  strain,  and  the  projecting  comers  may 
catch  the  clothing  of  persons.  There  are  various  methods  of  lacing, 
one  of  which  is  shown  in  Fig.  77.    In  this  case  two  rows  of  holes  are 


Fig.  77.    Method  of  Lacing  Belts. 

made  with  a  punch  in  each  end.  The  nearest  hole  should  be  f  inch 
from  the  side,  and  the  first  row  |  inch  from  the  end,  and  the  second 
row  If  inch  from  the  end  of  the  belt.  In  large  belts  these  distances 
should  be  a  little  greater.  A  regular  belt-lacing  (a  strong,  pliable 
strip  of  leather)  should  be  used,  beginning  at  hole  No.  1  and  passing 
consecutively  through  all  the  holes  as  numbered.     Very  often,  par- 
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ticularly  for  smaller  sizes,  only  a  single  row  of  holes  is  made  in  each 
end  of  a  belt. 

Perforated  belts  are  often  used  for  the  reason  that  a  film  of  air 
Is  likely  to  be  imprisoned  between  the  belt  and  the  pulley  prevent- 
ing a  good  grip.  Hence  small  perforations  are  sometimes  made 
in  the  belt,  especially  for  high-speed  operation  (above  2,500  feet 
per  minute),  to  allow  the  air  to  escape;  and  since  these  are  in  the 
form  of  narrow  slits,  with  their  longest  dimension  in  the  direction 
of  the  length  of  the  belt,  they  do  not  materially  reduce  its  strength. 

Arrangement  and  Care  of  Belting. — ^It  is  very  desirable,  for 
satisfactory  running,  that  belts  should  be  reasonably  long  and  nearly 
horizontal.  If  it  is  absolutely  necessary  to  connect  pulleys  at  differ- 
ent levels,  the  belt  should  be  as  nearly  horizontal  as  possible,  and 
should  make  an  angle  of  at  least  45®  with  the  vertical,  if  possible; 
otherwise  it  will  not  be  likely  to  work  well  for  more  than  a  few  horse- 
power. The  distance  between  the  centers  of  two  belt-connected 
pulleys  should  be  at  least  3  times  the  diameter  of  the  larger  pulley. 
The  belt  should  be  just  tight  enough  to  avoid  slipping,  without 
straining  the  shaft  or  bearings.  A  new  belt  will  not  carry  as  much 
power  as  one  that  has  been  properly  used  for  a  few  months. 

The  generator  shaft  and  the  shaft  to  which  it  is  to  be  belted 
must  be  placed  perfectly  parallel,  and  the  centers  of  the  two  pulleys 
must  be  exactly  opposite  to  each  other.  The  machine  should  then 
be  turned  slowly  with  the  belt  on,  to  see  if  the  latter  tends  to  run  to  one 
side  of  the  pulley,  which  would  show  that  the  machine  is  not  yet 
properly  "lined  up;"  and  in  this  case  it  should  be  slightly  moved 
imtil  the  belt  runs  properly. 

Belts  should  be  as  pliable  as  possible;  hence  the  occasional  use 
of  some  good  belt-dressing  is  recommended,  especially  as  it  permits 
the  belt  to  be  run  with  less  tension.  Rosin  is  sometimes  applied 
to  increase  the  adhesion;  but  this  is  a  practice  allowable  only  in 
an  emergency,  as  it  may  destroy  the  belt  surface.  In  places  where 
they  are  likely  to  catch  in  the  clothing  of  any  person,  belts  should 
be  inclosed  by  a  casing  or  railing. 

BOFB-DBTvnra. 

The  rope  runs  in  V-shaped  grooves  in  the  peripheries  of  the  pulleys, 
and  in  some  cases  this  means  of  driving  is  preferable  to  any  other. 
The  advantages  of  rope-driving  are:— 
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1.  It  is  cheap. 

2.  More  power  can  be  transmitted  with  a  given  diameter  and  width  of  pulley,  on 
account  of  the  increased  grip  in  the  V  grooves. 

3.  It  is  almost  noiseless. 

4.  Ropes  can  be  used  by  reason  of  their  lightness  to  transmit  power  over  greatef 
distances  than  with  any  other  form  of  belting. 

5.  Rope  belting  can  also  be  employed  for  very  short  distances  because  of  the  wedg« 
ing  action  in  the  grooves. 

The  first  of  the  above  advantages — cheapness  of  the  rope  itself — 
is  offset  by  the  fact  that  grooved  pulleys  cost  more  than  those  for  a 
flat  belt,  hence  the  total  cost  is  about  the  same. 

Manila  rope  is  generally  preferred  for  transmitting  power,  but 
cotton,  rawhide,  and  wire  ropes  are  also  used.  The  first  has  an 
ultimate  strength  of  7,000  to  12,000  lbs.  per  square  inch  of  cross- 
section,  but  this  is  not  important,  since  a  driving-rope  transmits 
only  3  to  5  per  cent  of  its  tensile  strength.  Durability  is  the  chief 
ix)int,  since  rope  belts  are  rather  likely  to  break  owing  to  internal 
wear  between  the  fibers  and  failure  of  the  splice. 

The  diameter  of  a  single  rope  necessary  to  transmit  a  required 
H.P.  is  given  by  the  following  formula: — 

825  H.P. 


K'^-w)' 


in  which  H.P.  is  horse-power  transmitted,  V  is  velocity  of  rope  in 
feet  per  second,  and  D  is  its  diameter  in  inches. 

The  maximum  power  is  obtained  in  rope-driving  at  a  speed  of 
80  or  90  feet  per  second.  With  higher  velocities  the  centrifugal 
force  becomes  so  great  that  the  power  decreases  rapidly,  and  at 
140  or  160  feet  per  second  it  counteracts  the  whole  allowable  tension 
{usually  about  200  -D'  lbs.)  and  no  power  is  transmitted. 

Arrangement  of  Rope^Driving. — ^There  are  two  methods  of  arrang- 
ing rope  transmission:  one  consists  in  using  several  separate  belts, 
and  the  other  employs  a  single  endless  rope  which  passes  spirally 
around  the  pulleys  several  times  and  is  brought  back  to  the  first 
groove  by  a  slanting  idle  pulley,  the  latter  being  called  the  "  woimd" 
system.  The  separate  ropes  do  not  require  the  carrying-over  pulley, 
and  if  one  rope  breaks  those  remaining  are  sufficient  to  transmit 
the  power  temporarily,  whereas  an  accident  with  the  single-rope 
arrangement    entirely    interrupts   the    service.    The    carrying-over 
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pulley  is  often  mounted  in  bearings  which  can  be  moved  by  a  screw 
or  weight  so  that  it  can  be  used  as  a  belt-tightener;  but  since  belt- 
driven  generators  are  almost  always  moimted  upon  sliding  bases, 
this  advantage  is  not  of  so  much  value  as  in  the  case  of  other  kinds 
of  machinery.  The  difficulty  with  separate  ropes  is  the  necessity 
for  making  several  splices,  and  the  fact  that  it  is  practically  impossible 
to  make  and  maintain  the  belts  of  exactly  equal  length;  consequently 
they  are  of  imequal  tension,  and  hang  at  different  heights  on  the 
slack  side,  producing  an  awkward  appearance,  even  if  it  causes 
little  difference  in  actual  working.  The  single  rope  is  often  sup- 
posed to  have  a  perfectly  uniform  tension  in  all  parts;  but  it  is 
evident  that  if  there  is  the  slightest  slip,  the  rope  will  be  tighter  in 
the  first  groove  than  it  will  be  in  the  last :  this  variation  is  regular,  how- 
ever, and  is  less  imsightly  than  the  very  uneven  sag  of  separate  ropes. 

Shafting. — ^An  intermediate  or  coimter-shaft  is  undesirable, 
since  it  increases  the  complication  and  friction  losses;  but  it  is  used 
in  some  electrical  plants,  especially  old  ones,  either  to  obtain  a  greater 
multiplication  of  speed  than  is  possible  .by  belting  directly  or  to 
enable  a  single  engine  to  drive  a  number  of  generators;  as,  for  exam- 
ple, in  arc-lighting  stations. 

The  two  important  kinds  of  shafting  are  "cold-rolled"  and 
"turned."  The  former  is  rolled  to  the  exact  size  and  requires  no 
further  treatment.  It  has  the  advantage  of  a  smooth,  hard  sur- 
face, but  is  difficult  to  make  perfectly  true  and  straight;  and  if 
any  portion  of  the  surface  is  removed  to  make  a  key- way,  for  exam- 
ple, it  is  apt  to  cause  the  shaft  to  bend,  owing  to  unequal  internal 
stresses.  Turned-steel  shafting  is  most  conmionly  employed,  and 
has  the  advantage  that  shoulders,  journals,  or  other  variations  in 
size  can  easily  be  made  in  it.  The  following  table  gives  the  ordinary 
data  of  shafting: — 

SHAPTINO. 


DiAMKTBR  IN 

Inchbs. 

Weight. 
Lbs.  Pb«  Ft. 

H.P.  AT  100 

Turns  Pbr 

MiNUTB. 

AVBKACB 

Net  Prick 
Pbr  Ft. 

Width  of 
Kby-skat 
IN  Inchbs. 

Ifk 

5US 

4.3 

•0.25 

Ml 

10. 

10. 

.35 

2A 

15.8 

20. 

.50 

2H 

23. 

34. 

.70 

8ft 

31.6 

64. 

S& 

3}| 

41. 

80. 

1.30 

44 

82.8 

156. 

2.00 

6I 

91.1 

270. 

4.00 
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The  allowable  H.P.  that  the  shaft  will  transmit  is  given  in  the 
table  at  100  r.p.m.;  for  any  other  speed  the  power  varies  in  pro- 
portion; that  is,  at  200  r.p.m.  it  would  be  twice  as  great.  It  is  not 
convenient  to  make  or  use  shafting  in  greater  lengths  than  25  feet 
for  sizes  from  about  l^V  to  3tV  inches  diameter;  for  larger  or  smaller 
sizes  it  is  desirable  to  have  the  lengths  still  less.  They  are  connected 
by  some  of  the  following  forms  of  coupling. 

Shaft  Couplings. — ^There  are  two  classes  of  these  devices — 
rigid  and  detachable.  The  ordinary  rigid  coupling  is  the  flange 
t)rpe  shown  at  3/  in  Fig.  57,  which  should  be  secured  to  the  two  shafts 
by  tapered  keys.  The  plain  sleeve  coupling  consists  of  a  tube  in 
which  the  ends  of  the  shafts  are  held  by  set-screws  or  keys,  but  this 
form  is  not  so  easily  disconnected  or  removed.  The  damp  or  com- 
pression couplings,  of  which  there  are  many  forms,  simply  grip  the 
shafts  by  screw  pressure.  They  possess  the  advantages  of  being 
easily  put  on  or  taken  oflF,  and  do  not  require  holes  or  slots  to  be 
cut  in  the  shaft. 

The  simplest  form  of  detachable  coupling  is  the  jaw  or  "grab" 
clutch  represented  in  Fig.  78.      It  consists  of  a  jaw  which  slides 


Fig,  78,    Jaw  Clutok. 

lengthwise  on  one  of  the  shafts,  and  is  caused  to  revolve  with  it  by  a 
feather  and  slot;  this  engages  with  a  similar  jaw  rigidly  attached 
to  the  other  shaft.  This  clutch  enables  shafts  to  be  easily  connected 
or  disconnected  while  standing  still,  or  even  to  be  thrown  out  of  gear 
while  in  motion;  but  it  is  obviously  too  sudden  in  its  action  to  be 
used  for  connecting  a  shaft  to  one  already  running.  For  the  latter 
purpose  some  form  of  friction  or  magnetic  clutch  is  used. 

Friction  clutches  are  made  in  many  different  styles,  the  usual 
arrangements  consisting  of  an  inner  ring  which  is  expanded  against 
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an  outer  ring;  a  rim  which  is  grasped  by  jaws;  or  two  cones  that 

are  forced  together.    The  force  is  obtained  by  screws  or  toggle 

joints.     Fig.  79  shows  one  type  in  which  jaws  carried  by  the  shaft 

are  caused  to  grasp  a  rim  cast  upon 

the  pulley,  the  latter  being  moimted 

to  turn  freely  upon  the  shaft  when 

the  clutch   is   released.    The  outer 

jaw   on  one  side  is  carried  by  the 

same  arm  as  the  inner  jaw  on  the 

other  side;  hence  the  grip  is  obtained 

by  moving  one  arm  upward  and  the 

other  downward  by  means  of  the 

,  .     1    i_      ^1  11  .1  ^i9'  79,    Friction  dutch  Puiley. 

toggle  operated  by  the  collar  on  the 

left,  which,  in  turn,  is  caused  to  slide  on  the  shaft  by  a  fork  and 
lever  controlled  by  hand.  If  used  as  a  simple  friction  clutch  to  con- 
nect two  shafts,  no  pulley  is  required,  the  rim  being  rigidly  mounted 
upon  one  shaft  and  the  jaws  upon  the  other.  The  jaws  are  adjust- 
able and  are  lined  with  renewable  pieces  of  maple. 

Magnetic  Clutches. — ^The  substitution  of  magnetic  attraction 
for  ordinary  mechanical  force,  to  obtain  the  friction  required  in  a 
clutch,  secures  several  decided  advantages.  The  most  important 
is  the  fact  that  the  pressiue  is  self-contained^  the  attraction  being 
exerted  only  between  the  friction  surfaces,  without  the  end  thrust  or 
external  force  involved  in  all  mechanical  clutches.  CompUcation 
of  levers  and  pivots  is  avoided,  the  parts  being  few  and  simple.  A 
magnetic  clutch  can  be  controlled  from  a  distance  and  at  several 
points.  It  is  lighter  and  occupies  less  space  for  a  given  power 
transmitted.  The  form  devised  by  Mr.  B.  J.  Arnold,  represented 
in  Fig.  80,  consists  of  two  cast-steel  rings  A  and  B  carried  on  steel 
webs  E  and  F  which  are  bolted  to  the  hubs  G  and  H  fixed  on  the 
shafts  J  and  -K^  to  be  coupled.  The  magnetizing  coil  M  is  located 
in  an  annular  slot  in  the  field  ring  A,  and  is  supplied  with  current 
through  insulated  rings  on  G.  A  brush-holder  (not  ahown)  h 
attached  to  the  floor,  wall,  or  ceiling.  The  armatiue  B  is  separated 
1^  to  T^  inch  from  the  field  A,  according  to  size,  when  no  magnetizing 
current  flows.  But  the  elasticity  of  the  webs  E  and  F  allow  the 
field  and  armatiu-e  to  spring  together  when  the  circuit  is  closed,  the 
magnetic  attraction  holding  the  two  in  contact  with  great  force.  An 
Arnold  clutch  48  inches  in  diameter  will  transmit  228  H.P.  at  100 
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r.p.m.  and  consumes  2.58  amperes  at  110  volts  or  284  watts,  being 
less  than  ^  of  1  per  cent.    Several  large  electrical  plants  in  Chicago, 


ng,  80,    Arnold  ItagtmUo  Clutok. 


St.  Louis,  and  other  places  employ  these  dutches  to  connect  the 
various  engines  and  generators. 
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CHAPTER   XVI. 

PBINOPZiBS  OF  DTNAMO-BIaSOTBIO  BCAOHINB8. 

Introduction. — ^The  history  of  these  machines  has  abeady  been 
^ven  in  the  general  history  of  electric  lighting  in  Chapter  II. 

A  dynamo-electric  generator  is  a  machine  for  converting  mechani- 
•col  energy  into  electrical  energy  by  causing  conductors  to  move  in  a 
magnetic  fields  or  vice  versa.  These  machines  operate  according 
to  the  principle  of  magneto-electric  induction  discovered  by  Fara- 
day in  1831. 

Before  taking  up  the  consideration  of  the  machines  themselves, 
it  is  proper  to  give  the  principles  of  electro-magnetism,  which  play 
an  important  part  in  their  construction  and  action. 

Magnetic  Field. — ^If  an  ordinary  permanent  magnet  be  ap- 
proached by  a  small  piece  of  iron  or  steel  suspended  on  a  thread, 
it  will  be  attracted  by  the  magnet.  The  space  near  the  magnet  in 
which  this  phenomenon  takes  place  is  called  the  magnetic  field,  or 
simply  the  "field."  This  region  has  no  definite  limits,  since  the 
distance  at  which  magnetic  effects  can  be  obtained  depends  upon 
the  sensitiveness  of  the  instrument  used.  Delicate  galvanometer 
needles,  for  example,  may  be  deflected  perceptibly  at  a  distance 
of  several  himdred  feet  from  the  field-magnet  of  a  large  dynamo. 
It  is  customary,  however,  to  consider  the  field  as  being  confined 
to  the  immediate  neighborhood  of  the  magnet  where  the  effect 
is  strong.  The  extremities  of  a  magnet  usually  exhibit  magnetic 
properties  more  powerfully  than  the  middle  portions,  and  are 
called  the  poles.  Magnetism  is  commonly  regarded  as  consisting 
of  a  number  of  "lines  of  force"  or  "tubes  of  force."  This  con- 
ception was  suggested  by  the  Unes  in  which  iron  filings  arrange 
themselves  imder  the  influence  of  a  magnet,  the  direction  and 
intensity  of  the  field  being  represented  by  the  direction  and  number 
.of  the  lines.  This  idea  is  often  very  convenient,  but  should  not  be 
taken  too  literally,  as  it  sometimes  leads  to  wrong  notions. 
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Fig,  91.    UtagnetioCinMttQf 
Simple  Dyiuuna. 


The  Magnetic  Circuit. — ^To  localize  and  strengthen  the  magnetic 
field,  as  well  as  to  economize  the  wire  and  current  required,  the 

magnets  of  generators  or  other  electro- 
magnetic apparatus  are  arranged  in  such 
a  form  that  the  path  of  the  lines  is  as 
nearly  as  possible  a  closed  circuit;  that 
is,  for  the  most  part  in  iron,  only  a  suf- 
ficient air-gap  being  left  for  the  inductors 
and  the  clearance  which  they  require  for 
free  motion.  In  Fig.  81  the  general 
form  of  the  magnetic  circuit  of  a  bipolar 
dynamo  is  shown,  CC  being  the  magnetic 
careSy  upon  which  are  wound  or  placed 
the  coils  or  bobbins  of  copper  wire  BB 
through  which  the  exciting  current  flows.  Y  is  the  yoke  which 
connects  the  two  cores,  and  forms  with  them  the  "horseshoe" 
type  of  magnet.  The  extremities  of  the  magnet  are  provided  with 
pole- pieces  PP,  which  are  bored  out  or  shaped  to  receive  the  armature, 
which  consists  of  the  armature  core  a  and  armature  conductors  or 
"winding"  W. 

Various  other  forms  of  magnet  are  used,  but  in  almost  every 
case  they  are  equivalent  to  the  horseshoe  form  shown;  and  evea 
with  multipolar  field-magnets,  that  is,  those  having  more  than  two 
poles,  it  is  usually  possible  to  consider  them  as  being  made  up  of 
several  horse-shoe  magnets,  or,  in  other  words,  two  or  more  mag- 
netic circuits. 

Calculations  m  regard  to  the  magnetic  circuit  are  usually  made 
by  means  of  a  formula  analogous  to  Ohm's  law  for  the  electric 
circuit,  this  expression  being: 


Flux  = 


Magnetomotive  force 
Reluctance 


There  is,  however,  one  important  diflference  between  this  formula 
and  Ohm's  law;  the  reluctance  is  not  a  constant  or  an  independent 
quantity  like  electrical  resistance.  It  depends  upon  the  value  of 
the  flux,  or  rather  upon  the  flux  density.  Hence  it  is  necessary  to 
know  the  number  of  lines  of  force  per  square  centimeter  in  the  iron, 
in  order  to  fix  the  value  of  the  reluctance;  whereas  electrical  resist- 
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ance  has  a  constant  value,  and  is  independent  of  the  strength  of 
current,  provided  the  temperature  does  not  change.  Furthermore, 
magnetic  leakage  is  usually  a  much  larger  factor,  and  more  difficult 
to  determine,  than  electrical  leakage. 

Magnetic  Flux. — ^The  total  quantity  of  "induction"  or  field 
in  a  magnetic  circuit  is  called  the  f^ux^  and  is  measured  in  lines  of 
force.  The  term  "line  of  force"  was  originally  used  by  Faraday 
in  a  general  sense  to  express  the  direction  and  intensity  of  mag- 
netism in  something  the  same  way  that  the  expression  "ray  of 
light"  is  used.  When  magnetism  came  to  be  measured  definitely, 
the  line  of  force  was  adopted  as  the  unit  of  magnetic  field  or  flux. 
If  we  follow  the  derivation  of  the  value  of  the  line  of  force,  we  find 
that  a  unit  magnetic  field  exists  at  the  distance  of  one  centimeter 
from  a  unit  magnetic  pole,  the  latter  being  a  pole  of  such  strength 
that  it  repels  a  pole  of  equal  strength  with  a  force  of  one  dyne  at  a 
distance  of  one  centimeter.  Each  square  centimeter  of  the  surface 
of  an  imaginary  sphere  with  one  centimeter  radius  described  about 
a  imit  pole  will  contain  a  flux  of  one  line  of  force;  and  since  the 
total  surface  of  the  sphere  is  4;r,  it  follows  that  4;r,  or  12.57  lines, 
emanate  from  a  unit  pole.  This  somewhat  indirect  definition  is  made 
much  shorter  and  more  convenient  by  simply  stating  that  one  hun- 
dred million  lines  of  force  cut  per  second  generate  one  volt  E.M.F. 
Since  the  values  of  the  volt  and  other  electrical  units  have  been 
defined  and  legalized  internationally,  it  is  proper  to  base  the 
magnetic  units  directly  upon  the  electrical  ones.  Very  frequently, 
mstead  of  considering  the  total  flux  we  treat  the  flux  density,  or 
intensity  of  magnetic  field;  that  is,  the  nmnber  of  lines  of  force  per 
square  centimeter.  This  quantity  multiplied  by  the  area  of  the 
field  or  cross-section  of  the  magnet  gives  the  total  flux.  The  maxi- 
mum flux  density  conmionly  used  in  practice  is  from  14,000  to 
16,000  lines  of  force  per  square  centimeter  (90,300  to  103,200  per 
square  inch)  for  wrought  iron,  and  from  6,000  to  7,000,  or  about 
one-half  as  much,  for  cast  iron.  These  values  are  what  are  called 
"practical  saturation,"  beyond  which  it  is  not  ordinarily  economical 
to  go.  As  a  matter  of  fact,  however,  Ewing  and  other  experimenters 
have  forced  magnetic  density  as  high  as  43,000  lines  of  force  per 
square  centimeter.  On  the  other  hand,  in  alternating-current  trans- 
formers the  ordinary  flux  density  has  a  maximum  value  of  only  4,000 
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to  6,000  lines,  in  order  that  the  loss  due  to  hysteresis  shall  not  be 
excessive. 

Magnetomotive  Force,  or  Difference  of  Magnetic  Potential. — 

This  depends  directly  upon  the  ampere-turns;  that  is,  upon  the  prod- 
uct of  the  number  of  turns  of  wire,  and  the  number  of  amperes 
flowing  through  them — ^in  fact,  M.M.F.  is  often  given  in  terms  of 
the  ampere- turns  simply;  but,  strictly  speaking,  the  C.G.S.  value 
of  M.M.F.  is  1.257  times  the  ampere-turns.  This  is  because  the 
diflFerence  of  magnetic  potential  on  opposite  sides  of  a  turn  of  wire 
is  equal  to  4;r  times  the  current  flowing  in  the  wire;  and  since  the 
ampere  is  one-tenth  of  the  absolute  imit  of  current,  it  follows  that 

the  ampere-turns  must  be  multiplied  by  i-x,  or  1.257,  to  obtain 

the  C.G.S.  value  of  the  magnetomotive  force.  The  magnetic  circuits 
of  dynamos  usually  have  from  3,000  to  10,000  ampere-turns, 
depending  upon  the  length  of  the  circuit,  the  air-gaps  between  the 
pole-pieces  and  the  armature  core,  and  the  materials  of,  and  mag- 
netic density  in,  the  field-magnet  and  armature. 

Magnetic  Reluctance. — ^The  unit  of  this  quantity  is  the  reluc- 
tance between  opposite  faces  of  one  cubic  centimeter  of  space,  i.e., 
vacuum;  and  as  nearly  all  substances  except  iron  and  steel  have 
practically  the  same  magnetic  reluctance  as  a  vacuum,  it  follows 
that  one  cubic  centimeter  of  almost  any  substance  has  practically 
one  unit  of  reluctance.  This  is  true  of  air,  copper,  brass,  wood, 
paper,  cotton,  silk,  mica,  or  other  material,  except  iron  or  steel,  that 
is  likely  to  form  part  of  the  magnetic  circuit.  This  fact,  of  course, 
tends  to  simplify  magnetic  calculations.  The  reluctivity  of  wrought 
iron  varies  from  about  .00033  at  a  flux  density  of  4,000  to  .0031 
at  16,000  lines  of  force  per  square  centimeter.  A  few  other 
metals  besides  iron,  notably  nickel  and  cobalt,  have  a  reluctivity 
considerably  less  than  unity;  but  they  are  so  vastly  inferior  to  iron 
as  magnetic  conductors  that  they  are  very  rarely  employed.  It 
is  also  customary  to  consider  the  permeability  of  iron  and  other 
substances,  this  being  the  reciprocal  of  reluctivity. 

Fig.  82  gives  the  magnetization  curves  for  wrought  and  cast  iron, 
cast  steel  and  sheet  steel,  and  shows  the  relation  between  J5,  the 
induction  or  flux  density  in  lines  of  force  per  square  centimeter, 
and  the  magnetizing  force  in  ampere-turns  (A.-T.),  which  multi- 
plied by  1.257  gives  the  M.M.F.  in  C.G.S.  units  as  already  explained. 
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At  a  given  density  the  flux  per  square  inch  is  6.45  times  the  flux  per 
square  centimeter,  and  the  A.-T.  necessary  to  produce  this  flux  den- 
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sity  per  inch  length  of  material  is  2.54  times  that  required  per  centi- 
meter, these  values  being  also  given  on  the  curve  sheet. 

Calculations  relating  to  magnetic  circuits  are  later  set  forth  under 
the  head  of  field  magnets.  It  is  sufficient  here  to  consider  the 
simple  case  of  a  cast  steel  ring  20  centimeters  internal  and  30  centi- 
meters external  diameter,  giving  a  mean  diameter  of  25  centimeters, 
or  78.5  centimeters  in  circumference.  Assuming  a  flux  density  of 
15,000  lines  per  square  centimeter,  reference  to  Fig.  82  shows  that 
16  A.-T.  per  centimeter  length  are  required.  Hence  the  magnetizing 
coil  must  have  78.5X16  =  1256  A.-T.  It  is  not  necessary  to  con- 
sider the  cross-section  of  the  ring,  provided  the  flux  density  is  known. 
In  order  to  determine  the  total  flux,  however,  we  may  assume  that 
the  ring  is  10  centimeters  thick,  giving  a  cross-section  of  10X5— 
50  square  centimeters,  and  a  total  flux  of  50X15,000=750,000 
lines.  The  1256  A.-T.  required  may  be  produced  in  any  con- 
venient way;  for  example,  by  1256  turns  carrying  one  ampere, 
125.6  turns  carrying  10  amperes,  or  other  equivalent  combination. 

If  the  ring  were  cut  and  an  air-gap  of  2  centimeters  introduced 
into  the  magnetic  circuit,  the  additional  M,M.F.  required  to  pro- 
duce the  same  flux  density  would  be  2X15,000=30,000  CGS, 
units,  which,  divided  by  1.257  =  23,866  A.-T.  This  is  nearly  twenty 
times  as  great  as  that  required  by  the  steel  portion  of  the  circuit 
because  of  the  very  much  lower  permeabiUty  of  air. 

Magnetic  Hysteresis. — ^When  the  direction  or  density  of  mag- 
netic flux  in  a  piece  of  iron  is  changed,  a  certain  loss  of  energy 
occurs.  This  is  due  to  the  fact  that  the  value  of  the  flux  lags 
behind,  and  does  not  correspond  exactly  with  variations  in  the 
MM,F.  This  phenomenon  is  shown  in  magnetization  curves.  In 
Fig.  82,  for  example,  the  value  of  B  would  be  less  in  each  case  for 
a  given  value  of  H  when  the  latter  is  increasing  than  when  it  is 
decreasing.  According  to  Steinmetz,*  the  loss  due  to  hysteresis  is 
represented  by  the  empirical  formula:  W  =  -iiVjB^'^,  in  which  Wis 
the  lost  energy  in  watts,  V  the  volume  of  the  iron  core  in  cubic  centi- 
meters, /  the  frequency  of  the  magnetic  changes  in  complete  cycles 
per  second,  B  is  the  maximum  value  of  the  flux  density,  and  i}  is 
a  coefficient  depending  upon  the  physical  and  chemical  qualities 
of  the  material.     F  or  armature  and  transformer  cores  only  the  best 

*  "  On  the  Law  of  Hysteresis/'  Trans,  Amer.  Inst.  Elec.  Eng.f  vol.  ix.,  pp.  3  and 
621. 
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and  softest  sheet  iron  or  mild  steel  should  be  used,  the  value  of 
Ti  for  this  material  being  between  2x10"^°  and  3X10"^**.  In  most 
field-magnets  the  flux  density  is  practically  constant,  hence  hysteresis 
need  not  be  considered.  The  usual  hysteresis  loss  that  occurs  in 
good  qualities  of  sheet,  iron  employed  in  armature  and  transformer 
cores  may  be  found  from  the  curve  in  Fig.  83. 
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Generation  of  E.M.F. —  Whenever  magnetic  lines  of  force  are 
cut  by  a  conductor,  an  E,M.F.  is  set  up  in  it,*  the  value  of  which 
is  one  volt  when  100,000,000  lines  are  cut  per  second;  or,  in  other 
words,  it  depends  solely  upon  the  rate  of  cutting,  so  that  one  volt 
is  also  set  up  if  1,000,000  hnes  are  cut  in  one-hundredth  of  a  second. 
In  both  cases  the  rate  of  cutting  is  supposed  to  be  uniform  throughout 
the  given  time. 

The  generation  of  E.M.F.  is  absolutely  certain,  no  matter  when 
or  by  what  process  the  lines  are  cut.  A  current,  however,  is  only 
produced  when  there  is  a  closed  circuit  in  which  it  may  flow.  A 
straight  bar  of  copper,  for  example,  cutting  across  a  magnetic  field  > 
would  have  an  E.M.F.  set  up  in  it,  and  an  actual  difference  of 
potential  would  exist  between  its  ends;  but  there  could  be  no  flow 
of  current,  except  possibly  a  very  slight  displacement  current  at 
the  moment  when  the  E.M,F,  is  established.    We  should  clearly 
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distinguish,  therefore,  between  the  generation  of  E.M.F.  and  of 
current.  It  may  happen,  also,  that  two  or  more  opposing  voltages 
neutralize  each  other,  so  that  there  is  no  current,  even  though 
the  circuit  is  apparently  closed.  For  example,  when  a  copper  ring 
is  moved  across  a  uniform  field,  the  two  halves  cut  an  equal 
number  of  lines,  and  the  E.M.F.  in  one  half  is  exactly  equal  and 
opposed  to  that  in  the  other  half  of  the  ring.  In  this  case  it  is  as- 
sumed that  the  ring  is  not  rotated,  or,  in  other  words,  is  kept  parallel 
to  a  fixed  plane.  Consequently,  to  generate  an  eflFective  voltage  and 
current  in  the  ring,  it  is  necessary  to  rotate  it  or  have  a  magnetic 
field  that  varies  in  density,  so  that  one  side  of  the  ring  shall  cut  the 
lines  in  a  different  direction  or  cut  more  lines  than  the  other.  This 
explains  the  fact  that  the  flux  in  a  coil  of  wire  must  be  varied  to 
produce  a  current;  or,  in  other  words,  the  coil  must  be  filled  with, 
and  emptied  of,  lines  of  force,  in  which  case  an  alternating  current 
is  generated.  This  is  often  stated  so  broadly,  however,  that  it  seems 
to  mean  that  an  E.M.F.  cannot  be  obtained  in  a  uniform  field. 
As  already  stated,  an  E.M.F.  must  be  produced  whenever  magnetic 
lines  are  cut. 

Elementary  Dynamo. — ^The  simplest  form  of  dynamo  consists  of 
a  loop  of  wire  arranged  to  rotate  in  a  uniform  magnetic  field,  Fig.  84, 


Flg».  84  and  86.    El€m€ntary  Aittrnator  and  Curv  of  E.M.F. 


and  the  generation  of  the  electromotive  force  is  as  follows:  Assume 
the  loop  with  its  plane  parallel  to  the  direction  of  the  flux.  If  then 
the  loop  be  rotated  counter-clock- wise  about  its  axis  XY,  the  sides 
AB  and  CD  which  cut  lines  of  force  will  have  E.M.FJ's  induced 
in  them,  that  will  tend  to  flow  in  the  directions  indicated  by  the 
arrows.    The  value  of  this  voltage  will  depend  upon  the  speed  or 
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rale  of  cutting,  and  since  this  rate  is  greatest  when  the  plane  of  the 
loop  is  parallel  to  the  lines  of  face,  the  E.M.F,  developed  at  the 
instant  represented  in  Fig.  84  will  be  a  maximum.  As  the  loop 
approaches  the  90°  or  vertical  position,  the  voltage  generated  gradu- 
ally reduces  because  the  rate  of  cutting  becomes  less  and  at  the 
9QP  position  reaches  zero.  If  the  rotation  is  continued  the  rate  of 
cutting  gradually  increases  until  the  180°  position  is  reached,  where 
it  becomes  a  maximum,  hence  the  E.M,F.  then  generated  is  also^ 
a  maximum.  The  cutting,  however,  is  in  the  opposite  direction 
to  that  occurring  at  first,  so  that  the  voltage  is  reversed,  being 
negative  with  respect  to  that  developed  during  the  first  90°  rotation. 
In  passing  from  the  180°  to  the  270°  position,  the  rate  of  cutting 
again  decreases  and  the  E,M.F.  developed  falls  a  second  time  to 
zero  at  270°.  While  in  the  rotation  from  the  270°  to  the  360° 
position  the  rate  of  cutting  increases  and  the  direction  of  the  £.M.F. 


»0*      180"      270'    360* 


FtgB.  86  and  87.    Hementary  D.C.  Q^mrator  with  Commutator  and  Curoo  cf  E.M.F. 


is  the  same  as  in  the  first  90°  rotation,  the  E.M.F.  rising  once  more 
to  a  maximum  positive  value  at  360°,  which  is  the  same  as  the  orig- 
inal 0°  position.  Plotting  the  various  changes  in  value  of  the  E.M.F. 
we  obtain  a  curve  as  shown  in  Fig.  85.  Such  an  E.M.F.  is  called 
an  alternating  one  because  of  its  reversal  from  positive  to  negative 
values,  that  is,  it  tends  to  produce  a  current  first  in  one  direction 
and  then  in  the  other  direction  through  the  circuit.  If,  however, 
it  is  desired  to  supply  the  external  circuit  with  a  direct  or  continuous 
current  or  E.M.F.  a  special  device  called  a  commutator  must  be 
employed.  In  its  simplest  form  the  commutator  consists  of  a  metal- 
lic tube,  slit  longitudinally  into  two  equal  parts,  and  mounted  on  a 
cylinder  of  insulating  material,  each  half  being  connected  to  one 
terminal  of  the  loop,  as  indicated  in  Fig.  86.    Against  this  com- 
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mutator  at  diametrically  opposite  points  press  a  pair  of  conducting 
pieces  called  brushes,  which  lead  away  the  current  to  the  external 
■circuit.  If  these  brushes  are  so  set  that  each  half  of  the  split  tube 
moves  out  of  contact  with  one  brush  and  into  contact  with  the  other 
brush,  at  the  instant  that  the  loop  passes  through  the  plane  in  which 
there  is  ht)  cutting  of  the  magnetic  lines  the  alternating  current 
induced  in  the  loop  will  be  rectified  and  caused  to  flow  in  one  direc- 
tion through  the  external  circuit.  If  the  external  current  be  plotted 
it  will  be  of  pulsating  character,  as  represented  in  Fig.  87.  This 
explanation  is  not  changed  if,  for  the  single  loop,  we  substitute  a 


Figs.  88  and  89.    EUmetrtary  Dynamos  with  Iron^Rtng  Armatures. 

coil  wound  on  an  iron  ring,  as  shown  in  Fig.  88.  Now  place  an 
exactly  similar  coil  diametrically  opposite  the  first,  and  when  its 
terminals  are  connected  to  the  same  two  half-rings,  as  in  Fig.  89, 
the  two  coils  are  in  parallel,  and  though  the  voltage  generated  by 


Figs.  90  and  91.    Four-Coll  Armaturs  and  Curots  of  E,M.F. 

revolving  this  winding  with  two  coils  is  no  greater  than  with  one 

•  coil,  the  current  capacity  of  the  resultant  winding  is  evidently  doubled. 

The  current  obtained  from  this  winding  through  a  two-part  com- 
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mutator  is  very  fluctuating  and  would  be  much  steadier  if  two  other 
coils  were  added  and  placed  90°  from  the  first  set,  so  that  when 
one  set  of  coils  is  at  a  zero  position,  the  other  set  is  generating  a 
maximum  E.M.F.  To  connect  this  winding  properly  with  the 
external  circuit,  a  four-part  conmiutator  is  required,  and  the  coils 
are  connected,  as  shown  in  Fig.  90.  The  curve  C  in  Fig.  91  repre- 
sents the  resultant  E.M.F.  at  the  brushes,  and  the  curves  A  and  B 
represent  the  E.M.F.^s  generated  respectively  by  each  set  of  coils, 
the  latter  being  one-quarter  of  a  revolution,  or  90°  behind  the  former. 
It  is  noticed  that  not  only  is  the  E.M.F,  steadier,  but  also  greater, 
being  never  at  any  point  below  the  maximum  values  obtained  by 
a  single  set  of  coils. 

On  examination  of  the  winding  represented  in  Fig.  90  it  is  ap- 
parent that  the  four  coils  are  wound  in  series,  the  end  of  the  first 


Fig,  02.    Bramm9'Rlng  Armatun, 

being  connected  to  the  beginning  of  the  second,  and  so  on,  the  end 
of  the  fourth  being  connected  to  the  beginning  of  the  first.  This 
is  known  as  a  closed-coil  winding,  being  closed  upon  itself,  and! 
will  be  discussed  fully  later  because  it  is  almost  the  only  kind  used! 
in  direct-current  machines.  As  actually  constructed,  the  coils  or 
sections  of  winding  and  the  corresponding  conmiutator  parts  or 
sections  are  increased  in  number  to  obtain  a  practically  steady 
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EM,F.  and  to  reduce  the  potential  diflference  between  adjacent 
commutator  sections.  This  particular  form  of  closed-coil  armature 
is  called  a  Gramme  ring,  invented  in  1870,  being  represented  diagram- 
atically  in  Fig.  92.  This  and  other  windings  are  treated  in  more 
detail  under  the  head  of  armature  windings. 
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CHAPTER    XVII. 

OONSTRUOnON  OF  DTNAMO.BX.BOTRIO  MAOHZNBS. 

Parts  of  Dynamo-Electric  Machines.— The  essential  parts  are  the 
armoiure  and  its  winding,  the  field-magnet  and  its  winding,  and  the 
insulation  employed  to  separate  the  various  parts  of  these  windings. 
The  field-magnet  is  usually  stationary  in  direct-current  machines,  and 
is  combined  with  the  base  and  bearings  to  form  the  frame  of  the 
machine.  It  has  already  been  shown  that  a  commutator  is  necessary 
in  the  case  of  a  direct-current  machine,  while  alternating  current 
generators  are  provided  with  collecting-rings. 

In  either  case  brushes  are  required  to  take  off  the  current  from 
the  revolving  commutator  or  collecting-rings.  In  most  of  the  later 
types  of  alternator  the  armature  is  stationary,  and  the  field-magnet 
revolves;  hence  the  field-current  must  be  supphed  to  the  moving 
magnet  by  a  similar  pair  of  brushes  and  rings.  The  complete 
machine  comprises  also  the  shaft,  oiling  devices,  and  other  mechan- 
ical details. 

In  considering  the  materials  and  proportions  of  the  various 
parts  of  dynamos,  the  construction  of  the  armature  is  taken  up 
first,  since  it  is  the  portion  in  which  the  current  is  generated,  and 
usually  its  type  and  size  are  determined  or  approximated  in  the 
first  place,  the  field-magnet,  base,  and  other  parts  being  made  to 
conform  to  the  armature. 

Forms  of  Armature. — ^Any  electrical  conductor,  as,  for  exam- 
ple, a  simple  coil  of  wire  revolving  or  moving  in  a  magnetic  field, 
would  act  as  an  armature,  and  would  tend  to  have  an  electromo- 
tive force  set  up  in  it  as  already  explained.  In  order,  however, 
to  obtain  the  maximum  effect  with  a  given  amount  of  material,  and 
to  secure  compactness,  convenience  of  working,  and  other  practical 
conditions,  the  armature  is  usually  made  in  one  of  two  forms, — the 
ring  armature^  and  the  cylinder,  or  drum  armature.  In  the  former 
type  the  copper  conductors  are  wound  or  placed  upon  an  iron  core 
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of  ring  form,  the  conductors  being  carried  through  the  interior  of 
the  ring,  as  well  as  around  the  outside  (Fig.  92).  In  the  drum  type 
the  conductors  are  located  wholly  on  the  surface  or  ends  of  a  cylin- 
drical iron  core  (Fig.  93).    In  both  cases  the  function  of  the  iron 

core  is  twofold:  first,  it  bridges 
across  between  the  pole-pieces  and 
conducts  the  lines  of  force,  thus 
greatly  reducing  the  reluctance  of 
the  magnetic  circuit;  and,  second, 
it  affords  a  sohd  support  to  carrj'^ 
the  electrical  conductors.  Two 
other  fonps  of  armature  are  some- 
times employed.  One  of  these  is 
the  pole  armalure^  in  which  con- 
ductors are  wound  around  radial 
iron  cores  projecting  outward  from 
a  central  hub;  and  the  other  is 
the  disk  armaturCy  in  which  the 
conductors  are  arranged  in  the 
form  of  a  flat  disk,  the  plane  of 
which  is  perpendicular  to  the  shaft. 
This  last  style  of  armature  is  rarely 
used,  but  it  is  the  only  one  not 
requiring  an  iron  core,  since  it 
rotates  in  a  narrow  space  between 
the  pole-pieces. 

Construction  of  Armature  Cores. 
— Originally  the  core  was  made 
of  one  solid  piece  of  iron;  but 
this  permits  electric  currents  to  be 
set  up  in  it,  because  the  outer 
portions  of  the  core,  like  the  arma- 
ture conductors  themselves,  cut  magnetic  lines.  The  useless  currents 
thus  generated,  called  FoucauU  or  eddy  currentSy  flow  in  the  same 
general  direction  as  the  useful  armature  currents.  In  order  to 
minimize  these  eddy  currents,  which  consume  power  and  may  cause 
excessive  heating,  their  path  is  interrupted  by  subdividing,  or  Inmi- 
noting  the  core  perpendicularly  to  the  shaft.  The  usual  plan  is 
to  build  up  the  core  of  disks  or  rings  of  sheet  iron  or  steel  insulated 


Ftg,  98,    Drum  Armaturt. 
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from  one  another,  so  that  the  magnetic  lines  can  pass  freely  through 
each  disk;  while  the  eddy  currents,  tending  to  flow  perpendicularly 
to  them,  are  stopped  by  the  insulation  between.  Hence  the  core 
should  always  be  laminated  parallel  to  the  lines  of  force  and  to 
the  direction  of  motion. 

Disks  or  rings  are  used  in  nearly  all  cases  for  armature  cores, 
and  are  punched  out  of  the  softest  sheet  iron  or  mild  steel,  from 
.015  to  .025  inch  thick.  In  armatures  of  small  size  each  disk  is 
a  complete  circle  in  one  piece,  but  armatures  of  large  diameter 
are  built  up  of  a  number  of  segments.  The  laminae  are  insulated 
from  each  other  by  tissue  paper,  paint,  varnish,  or  simply  by  rust 
on  the  surface  of  the  plates.  Ordinarily,  rust  on  both  surfaces, 
and  paper  at  every  third  or  fifth  plate,  are  sufficient.  This  usually 
brings  the  loss  from  eddy  currents  down  to  about  one  per  cent.  It 
is  hardly  economical  to  attempt  further  reduction,  since  the  trouble 
of  punching  and  handling  many  sheets  of  very  thin  iron,  and  the 
loss  of  space  between  the  plates,  more  than  offset  the  gain. 

An  armature  core,  built  up  as  above  described,  with  the  plates 
forced  together  by  heavy  hydraulic  or  screw  pressure,  is  found  to 
consist  of  from  85  to  95  per  cent  iron,  the  remainder  of  its  volume 
being  made  up  of  insulation,  scale,  etc.;  hence  the  elective  cross- 
section  or  magnetic  flux-carrying  capacity  of  such  a  core  is  from  5  to 
15  per  cent  less  than  that  of  an  equal  volume  of  solid  iron  of  the 
same  dimensions. 

Slotted  and  Perforated  Armatures. — ^The  core  is  often  provided 
with  slots  or  perforations  in  which  the  con- 
ductors are  laid.  This  type,  of  which  three 
forms  are  indicated  in  Fig.  94,  also  known 
as  the  toothed  armature  and  sometimes  ^,^^  siotted  and  Perforateit 
called  the  Pacinotti  armature,  after  its  in-  Armature  corea, 

ventor,  has  the  following  advantages  over  the  smooth  core : — 

1.  The  reluctance  of  the  air-gap  is  reduced  to  a  minimum. 

2.  The  armature  conductors  are  protected  from  mechanical  injury. 

3.  The  conductors  are  firmly  held  in  place,  and  cannot  slip  on  the  core  by  the 
action  of  the  electrodynamic  force  exerted  upon  them,  which  in  a  smooth  core  is 
equal  to  the  total  torque. 

4.  Eddy  currents  in  the  armature  conductors  are  avoided,  since  the  lines  snap 
across  the  latter  instantly.'*' 

*  See  a  paper  on  "Magnetism  in  Its  Relation  to  Induced  E.M.F.  and  Current/* 
by  Elihu  Thomson,  Trans.  Amer,  Inst.  Elec.  Eng.,  vol.  vi.,  p.  269,  1889. 
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5.  If  the  teeth  are  practically  saturated  by  the  field-magnetism,  they  oppose 
the  shifting  of  the  lines  by  armature  reaction  (which  will  be  considered  later). 

The  disadvantages  of  a  slotted  armature  core  are:— 

1.  It  is  somewhat  more  expensive  to  make  on  account  of  the  trouble  of  punch* 
ing  and  insulating  the  slots. 

2.  The  teeth  tend  to  generate  eddy  currents  in  the  polar  faces. 

3.  The  self-induction  of  the  armature  coils  is  increased. 

4.  Increased  hysteresis  loss,  due  to  denser  flux  in  the  teeth. 

5.  Leakage  of  lines  of  force  through  the  armature  core,  exterior  to  the  wind 
ng,  particularly  in  the  case  of  partly  inclosed  slots  or  perforated  cores. 

The  second  objection  can  be  practically  overcome  by  making  the 
air-gap  at  least  50  per  cent  of  the  distance  between  the  teeth,  so  that 
the  lines  of  force  can  spread  from  the  comers  of  the  teeth,  and 
become  nearly  uniformly  distributed  over  the  polar  faces.  With 
air-gaps  less  than  this,  the  pole-pieces  should  be  laminated  in  the 
direction  of  the  motion  of  the  armature.  The  leakage  mentioned 
in  the  fifth  objection  can  be  made  negligible  if  the  amount  of 
metal  above  the  conductors  be  kept  very  small. 

The  ratio  of  tooth  width  to  slot  width,  for  most  efficient  opera- 
tion, has  been  found  to  exist  when  the  width  of  the  tooth  is  about 
equal  to  the  width  of  the  slot  minus  twice  the  thickness  of  the  slot 
insulation,  or,  in  other  words,  the  metallic  area  of  the  teeth  should 
equal  that  of  the  copper  conductors  in  the  adjoining  slot. 

Hysteresis  in  Armattire  Cores. — ^The  general  nature  and  amount 
of  the  hysteresis  loss  has  already  been  given  in  connection  A\'ith 
Fig.  83.  It  is  greatly  affected  by  the  quahty  of  the  iron.  That 
employed  by  the  General  Electric  Company  has  the  following  com- 
position:— 

Iron 99.89    to  99.76  percent 

Sulphur 04    ''       .08  ''      '' 

Silicon 005  ''      '' 

Phosphorus 04    ''       .08  '*      5' 

Carbon 06    *'       .10  *'      '' 

The  armature  disks  are  punched  from  large  sheets  about  .025 
inch  thick.  Since  the  edges  are  considerably  hardened  by  the 
punching,  ii  is  well  subsequently  to  anneal  the  iron  by  raising  it 
to  a  bright  red  heat  and  allowing  it  to  cool  very  slowly.     This 
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heating  also  has  the  effect  of  burning  off  the  burr  from  the  edges 
of  the  disks,  and  oxidizes  their  surfaces  so  that  they  are  partially 
insulated  from  each  other  with  respect  to  eddy  currents. 

Size  and  Form  of  the  Armature  Core. — ^There  is  no  absolute 
rule  for  determining  the  size  of  an  armature,  since  it  depends  upon 
many  conditions  which  cannot  be  included  in  a  formula  or  covered 
in  any  general  w^ay;  nevertheless  there  are  several  facts  that  will 
aid  one  in  assuming  an  approximate  size,  that  can  be  modified  later 
if  found  incorrect.  The  chief  points  to  be  considered  in  arriving 
at  the  size  of  an  armature  core  are: — 1.  Peripheral  speed.  2.  Space 
for  inductors.  3.  Surface  covered  by  pole-pieces.  4.  Flux-carry- 
ing capacity.     5.  Cooling  surface. 

Peripheral  Speed. — One  guide  for  determining  armature  diam- 
eter is  the  fact  that  the  peripheral  velocity  should  be  kept  between 
1,500  and  6,000  feet  per  minute,  3,000  being  a  common  value. 
The  peripheral  speed  of  an  armature  is  the  product  of  its  circum- 
ference in  feet  by  the  number  of  revolutions  per  minute,  or 

D  "n 

from  which  the  approximate  diameter  DJ'  in  inches  can  be  found. 

Flux  Density  in  Armature  Cores. — ^The  length  of  the  armature 
core  must  next  be  considered,  and  this  depends  primarily  upon 
the  wddth  of  the  polar  face  and  the  amount  of  the  spreading  or 
"fringing"  of  the  hnes  of  force.  The  latter  may  be  determined 
by  adding  .8  of  the  length  of  the  air-gap  to  the  polar  width.  The 
diameter  of  the  core  having  already  been  determined  by  peripheral 
speed  limitations  and  the  width  of  the  core  by  the  conditions  of 
fringing,  its  proper  radial  depth  can  be  readily  found  from  the 
cross-section  to  be  provided  for  the  passage  of  the  lines  of  force. 
The  number  of  hnes  permitted  per  unit  area  of  cross-section  is 
Umited  by  the  heating  of  the  armature  due  to  hysteresis  and  eddy 
current  losses,  the  heat  generated  by  either  of  these  phenomena 
being  greater  the  denser  the  flux  or  the  more  rapid  the  magnetic 
reversals.  Hence,  allowable  flux  densities  are  less  with  high-speed 
than  with  lower-speed  machines,  and  hkewise  less  with  multipolar 
than  with  bipolar  forms. 

The  following  table  gives  the  armature  core  densities  usually 
employed  in  practice  for  various  kinds  of  armatures: — 
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Class  of  Machin«. 


Flux  Density 
per  Square  Inch. 


Constant  potential  bipolar  D.C.  genera- 
tor or  motor 


Multipolar  D.C  generator  or  motor. 

Constant  potential  A.C.  machines 
Constant  current  D.C.  arc  machines, 


50000-70000 
60000-90000 
60000-80000 
80000-100000 
35000-60000 
50000-80000 
35000-45000 
1 00000-130000 


The  cross-section  of  each  armature  inductor  may  be  estimated 
by  the  current  it  must  carry,  from  600  to  800  circular  mils  per 
ampere  being  usually  allowed.  The  number  of  paths  through  the 
armature  between  which  the  total  current  is  divided  must  also  be 
known.  In  bipolar,  closed-coil  windings  there  are  two  paths,  and 
each  inductor  must  carry  one-half  of  the  total  armature  current. 
A  four-pole  closed-coil  winding  may  be  either  two  or  four  circuity 
as  will  be  explained  imder  methods  of  armature  winding;  hence, 
the  exact  method  of  winding  must  be  decided  upon.  The  number  of 
armature  inductors  is  determined  by  the  E.M.F.  to  be  generated 
and  is  given  by  the  following  formula: — 

60X10»X£ 
•^  nXN     ' 

in  which  S  is  the  total  number  of  inductors  counting  all  around 
the  armature,  n  is  the  number  of  revolutions  per  minute,  and  N 
is  the  flux  in  lines  of  force  entering  the  armature  from  one  pole- 
piece.  This  applies  to  all  armatures  in  which  the  paths  for  the 
current  equal  the  number  of  poles,  but  must  be  modified  for  the 
two-circuit  multipolar  windings,  or  the  double  windings  described 
later.  The  only  general  rule  is  the  simple  fact  that  10*  lines  of 
force  cut  per  second  induce  one  volt,  and  the  E.M.F.  generated 
by  one  inductor  must  be  multiplied  by  the  number  of  them  in  series 
between  the  +  and  —  brushes. 

Having  approximated  the  number  and  size  of  the  inductors  and 
the  dimensions  of  the  armature  core,  it  may  be  necessary  to  read- 
just either  or  both  of  them  so  as  to  satisfy  limitations  due  to  heat- 
ing or  radiating  surfaces,  considered  later. 

Even  for  a  given  E.M.F.  it  is  possible  to  design  a  short  core 
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of  large  diameter,  or  a  long  core  of  small  diameter;  and  nothing 
but  experience  and  circumstances  indicate  which  is  the  better. 
From  the  nature  of  the  case  there  is  no  direct  or  royal  road  to  the 
design  of  an  armature,  it  being  usually  necessary  and  always  de- 
sirable to  draw  several  different  modifications,  in  order  to  compare 
them  and  select  the  best. 

Motinting  of  Armature  Cores. — ^The  cores  of  small  drum  arma- 
tures may  consist  of  disks  of  sheet  iron  having  a  central  hole  only 
large  enough  to  slip  on  the  armature  shaft  (Fig,  95).    They  are 


L 


\ 


Fig.  96.    Mounting  of  Smalt  Armature  Cor: 


held  together  either  by  large  nuts  screwed  directly  on  the  shaft,  or 
by  bolts  passing  through  the  core  from  end  to  end,  holes  being 
punched  in  the  disks  for  the  purpose.  These  bolts  must  be  insu- 
lated from  the  core  by  tubes  and  washers  of  paper,  fiber,  or  mica, 
otherwise  strong  currents  will  circulate  through  them,  involving  a 
serious  loss  of  energy.  The  disks  being  very  thin,  a  thicker  plate 
of  cast  or  wrought  iron  or  other  metal  should  be  put  at  each  end. 
The  rims  of  these  plates  should  be  beveled  quite  thin,  so  that  eddy 
currents  shall  not  be  set  up  in  them. 

The  armature  core  has  the  full  torque  exerted  upon  it  by  the 
conductors,  consequently  it  must  be  firmly  connected  to  the  shaft  in 
order  to  be  driven  positively.  Furthermore,  in  toothed  armatures 
it  is  particularly  important  to  preserve  the  alignment  of  the  disks. 
The  usual  plan  is  to  cut  slots  in  the  disks  and  shafts,  in  which  a  key 
is  placed,  as  represented  in  Fig.  95. 

In  ring  armatures,  and  in  drum  armatures  of  considerable  diam- 
eter, the  interior  of  the  core  is  removed,  making  it  necessary  to  sup- 
port the  core  on  some  form  of  spider.  This  consists  of  a  hub 
mounted  upon  and  keyed  to  the  shaft,  with  radial  arms  which  are 
bolted  or  otherwise  connected  to  the  armature  core.  A  simple  and 
strong  construction  comprises  two  spiders,  between  the  projecting 
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arms  of  which  the  core  is  held  by  boUs  passing  completely  through 
both  spiders  and  the  core.  This  requires,  however,  a  certain  portion 
of  the  core  to  be  cut  away  by  the  bolt-holes,  and  necessitates  insula- 
ting the  bolts  from  the  core  and  the  spiders.  These  objections  are 
obviated  by  clamping  the  disks  between  flanged  spiders  forced  to- 
gether by  bolts  inside  of  the  core  (Fig.  96),  or  by  nuts  on  the  shafts 
in  the  case  of  smaller  armatures. 


ODD 


fig.  06.    mwntlng  of  Larg9  Armaturt  Con. 


Annature  shafts  are  made  of  machinery  steel,  and  are  usually 
much  thicker  in  the  middle  than  at  the  ends  (Fig.  97),  as  they  must 


AUMATURE  COMMUTATOR 

Fig.  97.    Armatun  Shaft 

be  exceedingly  stiflF  to  withstand  the  powerful  magnetic  side-pull  on 
the  core,  if  the  latter  is  even  slightly  nearer  one  pole-piece  than  the 
other,  especially  in  multipolar  machines.  The  shoulders  obtained 
by  having  the  shaft  larger  in  the  middle  serve  to  keep  the  armature 
in  the  proper  position  with  respect  to  the  bearings,  and  also  enable 
nuts  to  be  screwed  on  the  shaft  to  hold  the  armature  core,  spiders, 
commutator,  etc.,  in  machines  of  small  or  moderate  size.  The 
torsional  strain  in  armature  shafts  is  often  considered,  but  compared 
with  the  transverse  strength  required  it  is  usually  insignificant. 
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Fmishing  the  Amature  Core. — ^The  core  should  have  all  sharp 
or  rough  edges  removed,  by  filing  or  otherwise,  before  the  con- 
ductors are  put  on.  The  disks  should  be  punched  so  true  in  the 
first  place  that  it  is  not  necessary  to  turn  the  core  in  a  lathe. 

Armature  Insulation. — ^The  core  must  now  be  thoroughly  in- 
sulated. This  might  be  partly  accomplished  by  covering  the  com- 
pleted core  with  one  or  more  coats  of  Japan  or  enamel;  but  this 
insulation  cannot  be  rehed  upon  to  any  great  extent,  as  it  is  very 
likely  to  have  minute  holes  or  bubbles  in  it,  or  be  pierced  by  par- 
ticles of  metal  or  by  the  rough  edges  of  the  disks.  Therefore,  two 
or  more  layers  of  strong  paper,  fiber,  canvas,  or  mica,  or  a  combi- 
nation of  these,  should  always- be  applied  to  the  core  where  the 
conductors  are  to  be  laid.  A  smooth  core  is  entirely  covered  in 
this  way,  but  with  a  toothed  core  the  insulation  is  usually  put  in 
the  form  of  separate  troughs  in  the  slots  between  the  teeth.  The 
ends  of  the  core  should  be  insulated  with  thicker  material,  since  the 
strain  upon  it  is  greater,  particularly  at  the  edges. 

Armatore  conductoiSy  or  inductors,  as  they  are  called,  since 
the  EM,F.  is  generated  in  them  by  magneto-electric  induction, 
are  almost  universally  made  of  copper.  The  ordinary  form  con- 
sists of  simple  copper  wire,  insulated  with  a  double  or  triple  covering 
of  cotton;  but  rectangular  bars  or  cables  of  twisted  wires  are  also 
used.  It  is  not  convenient  to  handle  wire  larger  than  about  No.  8 
B.  &  S.  (.1285  inch  diameter);  consequently  two  or  more  wires 
are  wound  together,  or  connected  in  parallel,  if  a  larger  conductor  is 
needed.  Copper  bars  or  cable  may  be  used  when  the  amount  of  cur- 
rent is  suflScient  to  require  them. 
Bar  inductors  are  liable  to  have 
eddy  currents  set  up  in  them,  be- 
cause the  edge  entering  or  leaving 
the  field  generates  a  higher  E.M.F. 
than  the  other,  as  represented  in 
Fig.  98.  The  resulting  loss  may  be  serious  with  large  bars.  It  is 
reduced  by  making  the  bars  thin  tangentially;  by  causing  the  edge 
of  the  bar  to  enter  the  field  gradually,  either  varying  the  air-gap 
or  shaping  the  pole-pieces  so  that  the  edge  of  the  field  is  not  parallel 


;  Ffg.  98,    Eddy  Currtnta  In  Bar  Inductor*, 
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to  the  inductors;  and  by  using  cables  of  twisted  wires.  It  is  not 
necessar}'  in  the  last  case  to  insulate  the  strands  from  each  other 
very  perfectly,  a  film  of  oxidation  or  vamish  being  sufficient,  since 
the  differences  in  E.M.F.  are  small.  The  various  means  for  over- 
coming this  difficulty  are  given  by  Hawkins  and  Wallis.*  With 
the  slotted  armatures  now  generally  employed,  trouble  from  this 
cause  is  much  less  than  with  smooth  cores,  because  the  magnetic 
conditions  are  practically  uniform  throughout  each  slot  at  a  given 
instant,  except  with  large  slots  or  with  rapid  reversals  of  magnetism, 
as  in  alternating-current  generators. 

Methods  of  Armature  Winding. — ^The  arrangement  of  the  induct- 
ors, and  the  order  in  which  they  are  connected  together  to  form 
a  complete  *' winding,"  constitute  one  of  the  most  complicated 
subjects  in  electrical  engineering.  This  matter  is  elaborately 
treated  by  Parshall  and  Hobart  in  a  large  work  entirely  devoted 
to  it,t  and  most  of  the  books  on  dynamos  and  motors  give  con- 
siderable space  to  this  subject,  notably  those  by  S.  P.  Thompson,! 
and  Hawkins  and  Wallis.  §  A  small  work  by  E.  Arnold  ||  contains 
nearly  all  of  the  important  methods  for  direct-current  machines. 

Formerly  the  wires  were  always  wound  upon  the  core,  each 
turn  being  put  in  place  by  hand.  That  method  is  still  used  for 
perforated  armatures  (Fig.  94)  and  in  small  machines.  Such  a 
winding,  however,  has  rarely  if  ever  been  made  with  one  continuous 
wire.  For  convenience  of  handling,  also  to  facilitate  connection 
to  the  commutator,  it  is  customary  to  use  comparatively  short  pieces 
of  wire  sufficient  only  for  one  section  of  the  winding.  In  direct- 
current  armatures  the  number  of  these  sections  or  coils  is  usually 
equal  to  the  number  of  commutator-bars.  In  alternating-current 
armatures  their  number  equals  the  number  of  field-poles  for  single- 
phase  and  is  correspondingly  increased  for  two-  or  three-phase 
working.  About  1890  the  practice  was  introduced  of  winding 
these  coils  separately  on  forms  and  then  placing  them  on  the  arma- 
ture core  as  another  operation.    This  plan,  employing  the  so-called 

*  The  Dynamo,  London,  1903,  pp.  341-344. 
t  Armature  Winding  for  Electric  Machines ,  New  York,  1895. 
}  Dynamo  Electric  Machinery,  London  and  New  York.     Also  Design  of  Dyna- 
mos, London  and  New  York,  1903. 
§  The  Dynamor  London,   1903. 
II  Armature  Winding,  translated  by  F.  B.  de  Gress,  New  York. 


CONSTRUCTION  OF  D  YN A  MO-ELECTRIC  MACHINES,     277 

"formed  coils''  illustrated  in  Fig.  99,  saves  much  time  and  labor; 
in  fact,  the  total  time  or  expense  required  to  make  the  coils  and 
apply  them  to  the  armature  is  often  less  than  one-quarter  of  what 
it  was  for  the  old-fashioned  method  of  winding. 


Fig,  99,    Partly  Wound  Drum  Armature  with  Formed  Colla. 

With  either  style  of  winding  the  coils  are  all  connected  together 
in  most  cases,  the  end  of  one  being  joined  to  the  beginning  of  another 
and  so  on.  For  alternating-current  armatures  the  coils  are  usually 
arranged  in  this  way  as  one  simple  series  for  each  phase,  the  ter- 
minals being  connected  to  the  external  circuit  either  directly  or 
through  slip-rings.  The  coils  of  direct-current  armatures  are 
almost  always  connected  in  a  similar  manner  to  form  one  series, 
but  this  is  closed  on  itself;  that  is,  the  end  of  the  last  coil  is  joined  to 
the  beginning  of  the  first  one.  This  produces  the  closed-coil  winding 
already  represented  (Fig.  92)  that  is  universally  adopted  in  direct- 
current  generators  and  motors,  except  in  the  Brush  and  the  Thom- 
son-Houston series  arc-lighting  dynamos  (Chap.  XVIII),  which 
have  open-coil  armatures,  but  are  special  machines  used  only  for 
the  purpose  named. 
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One  other  important  exception  to  the  simple  closed-coil  winding 
for  direct  currents  is  the  double  or  multiple  winding  described  later 
and  consisting  of  two  or  more  separate  windings,  each  complete  in 
itself. 

Direct-  and  Alternating-Current  Windings. — ^In  classifying  arma- 
ture windings,  the  most  prominent  distinction  is  between  those 
intended  for  direct,  and  those  for  alternating  currents.  All  arma- 
ture windings  have  alternating  currents  generated  in  the  inductors 
themselves,  which  are  led  out  without  change  when  that  character 
of  current  is  desired,  but  which  must  be  rectified  and  made  to  flow 
in  one  direction  only  by  means  of  a  commutator  in  order  to  obtain 
a  direct  current.  Consequently,  a  commutator  is  the  distinguishing 
accompaniment  of  a  direct-current  winding.  There  is  no  necessary 
difference  between  the  windings  for  the  two  purposes,  since  a  direct- 
current  armature  can  be  made  to  give  an  alternating  current  by 
connecting  two  complementary  points  of  the  winding  to  a  pair  of 
collecting-rings  as  in  a  rotary  converter  or  a  double-current 
generator  described  later.  In  practice,  however,  direct-current 
windings  are  usually  quite  different  from  those  designed  for  alter- 
nating currents,  as  shown  by  comparing  the  diagrams  that  follow. 

Bipolar  and  Multipolar  Windings. — ^The  form  of  the  magnetic 
field  in  which  the  armature  is  to  revolve  largely  influences  the  method 
of  winding  the  latter.  Formerly  nearly  all  direct-current  dynamos 
and  motors  were  bipolar,  but  now  the  tendency  is  to  build  machines 
of  more  than  two  or  three  kilowatts  capacity  with  multipolar  fields. 
For  moderate  sizes,  four  or  six  poles  are  customary,  but  for  large 
machines  eight  to  twelve  poles  are  employed.  Practically  all  alter- 
nators are  multipolar,  in  most  cases  the  number  of  poles  being 
large,  and  equal  to  twice  the  frequency  divided  by  the  number  of 
revolutions  per  second. 

Ring  Winding. — ^The  chief  structural  difference  between  ar- 
matures depends  upon  whether  the  inductors  lie  entirely  upon  the 
external  surface,  or  are  carried  through  the  interior  of  the  core,  the 
former  being  called  a  drum  winding  and  the  latter  a  ring  winding 
(Figs.  92  and  93).  The  actual  form  of  the  core  does  not  determine 
the  question,  since  large  drum  windings  usually  have  ring-shaped 
cores,  the  interior  of  the  core  being  superfluous. 

In  Fig.  92,  which  represents  diagrammatically  a  ring  armatiue> 
CC  is  an  armature  core  of  laminated  iron  carrying  inductors  1,  2,  etc.> 
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and  revolving  clockwise  in  a  bipolar  field  formed  by  the  two  poles 
N  and  5,  the  magnet  itself  not  being  shown. 

The  winding  extends  completely  around  the  core,  and  is  closed 
at  the  starting-point  as  represented.  The  entire  winding  could  be 
made  of  one  piece  of  wire,  but  it  is  more  convenient  to  make  it  in 
sections  connected  together,  as  already  explained.  The  conductors 
on  the  inside  of  the  ring  cut  no  lines,  except  those  due  to  a  slight 
magnetic  leakage;  hence  practically  no  EM.F.  is  generated  in 
them.  Their  only  function  is  to  complete  the  circuit,  and  carry  the 
current  back  to  the  successive  inductors.  It  is  also  a  fact  that  little 
or  no  E.M.F.  is  produced  in  the  neutral  spaces  between  the  pole- 
pieces.  The  inductor  1,  for  example,  is  idle  at  the  moment  repre- 
sented, and  3  is  just  entering  the  field  and  beginning  to  generate. 
It  is,  therefore,  evident  that  starting  with  inductor  1,  the  potential 
gradually  rises,  each  inductor  adding  a  certain  amount,  until  No.  17 
is  reached,  beyond  which  the  potential  falls,  since  the  E.M.F.  is 
set  up  in  the  opposite  direction  imder  pole  5,  and  finally  it  decreases 
to  the  original  value  at  the  starting  point. 

If  two  stationary  brushes  were  placed  at  the  points  1  and  17 
respectively,  so  as  to  touch  the  winding  as  it  revolves,  the  upper 
one  would  be  positive  and  the  lower  one  negative. 

The  brushes  have  been  applied  directly  to  the  winding  in  some 
types  of  dynamo;  but  usually  the  winding  is  tapped  off  at  a  number 
of  points,  and  connected  respectively  to  the  segments  of  a  com- 
mutator, on  which  the  brushes  BB  rest. 

Multipolar  ring  armatures  may  be  made  exactly  the  same  as 
the  bipolar  form  just  described.  All  that  is  necessary  is  to  run  it 
in  a  multipolar  field.  A  Gramme  ring  in  a  four-pole  field  is  repre- 
sented in  Fig.  100.  With  any  direct-current  multipolar  machine 
there  is  one  positive  point  and  one  negative  point  on  the  commu- 
tator for  each  pair  of  poles,  the  brushes  being  applied  at  these  points^ 
as  in  Fig.  100.  A  four-pole  dynamo  may  be  regarded  as  a  com- 
bination of  two  bipolar  machines,  one  with  six  poles  as  consisting  of 
three  bi-polar  machines,  and  so  on.  A  circuit  from  one  -|-  and  one 
—  brush  could  be  brought  out  independently,  and  another  circuit  from 
the  other  two  brushes,  but  usually  the  two  -|-  and  the  two  —  are 
respectively  connected  together,  the  total  current  being  combined 
in  two  conductors,  as  shown. 

Multiplication  of    E.M.F.  in  ring  armatures  may  be  accom- 
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plished  by  simply  increasing  the  number  of  turns.  For  example,  in 
Figs.  92  and  100,  each  section  included  between  two  commutator 
connections  consists  of  one  turn  of  wire.  The  substitution  of  two 
turns  for  the  single  turn  in  each  section  would  double  the  E.M.F, 
generated,  and  so  on  for  any  number  of  turns  per  section.  Hence, 
the  E.M.F.  may  be  multiplied  in  this  way  to  any  practical  value, 
ring  armatures  for  series  arc  lighting  (Chap.  XVIII)  having  been 
successfully  used  to  give  5,000  to  10,000  volts,  but  ordinarily  direct- 
current  generators  as  well  as  motors  are  not  operated  at  more  than 


Fig.  100,    Ring  Armature  in  Four-Pole  Field. 


600  volts.  The  E.M.F.  being  directly  proportional  to  the  number  of 
turns  of  wire,  other  things  being  equal,  it  is  not  necessarily  changed 
by  altering  the  number  of  sections  or  commutator-bars.  For  example, 
a  winding  consisting  of  32  sections  of  2  turns  per  section  would 
generate  the  same  E.M,F,  as  one  having  64  sections  of  a  single 
turn  each  or  16  sections  of  4  turns  per  section.  The  number  of 
sections  is  usually  equal  to  the  number  of  commutator-bars,  which 
must  be  sufficient  to  subdivide  the  total  voltage,  so  that  the  potential 
difference  between  adjacent  bars  is  not  high  enough  to  produce 
injurious  sparking.  This  is  preferably  Umited  to  less  than  20  volts, 
but  depends  upon  various  conditions  that  will  be  considered  later. 

Drum  Windings. — As  explained  in  relation  to  Fig.  92,  the  drum 
differs  from  the  ring  winding  in  the  fact  that  the  conductors  lie 
wholly  upon  the  external  surface  of  the  core,  and  do  not  pass  through 
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the  interior  of  the  latter  even  when  it  is  of  ring  form,  which  is  usually 
the  case.  The  principle  of  the  drum  winding  is  indicated  in  Fig.  lOl* 
It  will  be  noted  that  a  conductor  (No.  1,  for  example)  is  brought 
forward  under  one  pole,  JV,  and  back  (at  No.  6)  under  the  other 
pole,  5,  and  so  on  until  the  winding  is  completed.  This  is  a  necessary 
condition  in  a  drum  winding,  since  a  neutralizing  E.M.F.  would 
be  generated  if  the  wire  passed  back  under  the  same  pole.  In 
the  ring  this  neutralization  is  avoided  by  carrying  the  conductor 


11  10 

Fig.  101.    Original  Bipolar  Drum  Winding. 

back  through  the  inside  of  the  ring  where  practically  no  E.M.F. 
is  set  up.  Hence  each  inductor  of  a  drum  armature  must  be  con- 
nected to  one  at  a  sufficient  distance  to  be  acted  upon  by  opposite 
magnetic  polarity.  In  other  words,  there  are  two  active  parts  in 
each  turn  of  wire  one  under  pole  N  and  the  other  under  pole  S. 
Whereas  there  is  only  one  active  portion  in  each  turn  of  a  ring 
winding;  and  furthermore,  the  latter  is  almost  invariably  connected 
to  another  turn  lying  close  to  it. 

A  further  distinguishing  characteristic  is  the  fact  that  the  con- 
ductors of  a  drum  armature  cross  each  other,  as  shown  in  Fig.  101, 
while  the  turns  of  a  ring  winding  he  nearly  parallel  (Fig.  92).  Finally, 
neighboring  wires  may  have  great  difference  of  potential  in  the 
former,  but  differ  only  slightly  in  the  latter.  All  of  these  points  are 
in  favor  of  the  ring  type,  nevertheless  it  is  employed  very  much 
less  than  the  drum,  and  its  use  is  steadily  decreasing.    This  is  partly 
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due  to  the  larger  percentage  of  inactive  wire,  but  is  chiefly  the 
result  of  adopting  formed  windings  (Fig.  99),  which  can  be  readily 
applied  to  drum  but  not  to  ring  windings.  Self-induction  is  also  less 
in  the  former,  so  that  commutation  difficulties  are  reduced,  as  ex- 
plained later. 

The  winding  represented  in  Fig.  101  is  that  devised  by  von  Hefner- 
Alteneck,  who  originated  the  drum  armature  in  1873.  There  is 
almost  no  limit  to  the  number  of  possible  windings,  and  very  many 
different  forms  are  actually  used,  but  they  may  be  grouped  in  certain 
classes.  In  Fig.  101  inductors  marked  +  carry  current  toward 
the  observer,  and  those  marked  —  carry  it  away  from  him. 

It  is  evident  that  each  single  conductor  in  any  drum  winding 
may  be  replaced  by  two  or  more,  just  as  each  section  of  a  ring  arma- 
ture may  consist  of  one  turn  or  any  number,  as  already  explained. 


Flq.  102, 


Bfftotar  Drum  Winding  with  Two  Turna  pw  Swtton, 


For  example.  Fig.  102  represents  a  drum  winding  which  is  the 
same  as  the  simple  form  in  Fig.  101,  except  that  the  number  of 
inductors  is  doubled,  the  arrangement  of  the  wires  and  the  number 
of  commutator-bars  remaining  the  same.  If  revolved  at  equal 
speed  in  the  same  magnetic  field  the  E,M,F,  would  also  be  doubled, 
but  the  allowable  current  would  be  only  one-half  as  great,  because 
it  would  be  practically  necessary  to  use  a  wire  of  one-half  the  cross- 
section  in  order  to  put  twice  as  many  turns  in  the  same  space.    This 
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result  of  doubling  the  E.M.F.  can  also  be  obtained  from  the  drum 
winding  in  Fig.  103,  which  has  twice  as  many  sections  as  that  in 
Fig.  101,  each  consisting  of  a  single  turn.  In  that  case  the  number  of 
•commutator-bars  would  also  be  doubled,  as  shown. 

Cross-connected  Multipolar  Armatures.  —  The  four-pole  ring 
armature  shown  in  Fig.  100  requires  four  brushes  to  obtain  the  full 
current  from  the  armature.    If  diametrically  opposite  points  all 


Hg.  103,    Bipolar  Drum  Winding, 

the  way  around  the  winding  are  permanently  connected  together, 
the  upper  +  brush,  for  example,  will  also  receive  the  current  from 
the  opposite  point  by  the  cross-connection,  the  same  being  true  of 
either  —  brush;  hence,  two  brushes  will  take  the  whole  current 
generated  by  the  armature.  The  cross-connection  may  be  made 
either  in  the  armature  itself  or  in  the  commutator.  In  a  six-pole 
dynamo,  three  points  120°  apart  are  cross-connected,  four  points 
90°  apart  in  an  eight-pole  machine,  and  so  on. 

An  example  of  drum  armature  is  illustrated  in  Fig.  104  in  a 
partly  completed  condition.  This  t)rpe  is  adapted  to  direct  connec- 
tion with  an  engine  of  about  150  H.P.,  the  shaft  of  which  is  extended 
to  receive  it.  Modem  drum  windings  are  usually  arranged  entirely 
on  the  curved  surface  of  the  cylinder,  being  called  harrel  windings 
whereas  formerly  the  end- connections  were  located  on  the  flat  ends 
of  the  cylinder. 
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Two-Circuit  Multipolar  Windings. — In  either  the  four-brush  or 
the  cross-connected  windings  just  referred  to,  the  current  has  four 
paths  or  circuits  through  the  armature;  and  the  current  which 
flows  out  is  the  sum  of  four  currents  generated  in  the  four  quadrants 
of  the  armature.  The  same  would  be  true  if  the  two  positive  as 
well  as  the  two  negative  brushes  were  connected  together  in  parallel, 
which  is  usually  done  by  means  of  metallic  rings  or  flexible  cables 
(Fig.  100)  if  the  machine  is  not  cross-connected  internally.  In  a 
bipolar  winding  there  are  two  paths  for  the  current,  this  being  the 
minimum  number  for  any  closed-coil  winding.  It  is  also  possible 
to  produce  a  multipolar  winding  which  has   only  two   paths.     In 


Fig,  104,    Partly  Wound  Drum  Armature  of  Medium  Size, 


Fig.  105,  a  drum  winding  is  made  with  22  inductors,  the  connection 
being  made  each  time  to  the  fifth  inductor  ahead,  and  the  result  is 
that  two  brushes  applied  to  the  commutator  at  e  and  b  will  take  off 
the  entire  current  generated,  and  there  will  be  but  two  paths  through 
the  armature.  If  desired,  brushes  may  also  be  placed  at  the  two 
other  neutral  points  in  order  to  increase  the  area  of  contact.  In 
such  a  winding  the  voltage  is  twice  as  great  as  that  generated  by  a 
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Winding  with  four  paths,  assuming  the  number  of  inductors  to  be 
the  same. 

This  method  of  winding,  called  series  or  invo-circuU^  is  produced 
on  any  multipolar  drum  armature  when  C=ny±2,  in  which  C  is 
the  number  of  inductors,  n  the  number  of  poles,  and  y  is  the  pikh 
or  spacing*  This  last  quantity  is  the  nmnber  of  inductors  by  which 
the  winding  advances  at  each  end-connection,  and  must  be  oid^ 
being  5  in  the  winding  represented  in  Fig.  105.    It  is  approximately 
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Fig.  106,    TufO-Circuit  Multipolar  Drum  Winding, 


equal  to   — ,  that  is,  the  distance  between  the  centers  of  adjacent 

pole-pieces,  in  order  that  the  E,M.F.  generated  may  be  forward 
under  one,  back  under  the  next,  and  so  on,  thus  adding  the  effects 
in  series.  The  pitch  is  not,  however,  exactly  equal  to  that  distance, 
being  made  a  little  less  or  a  little  greater,  so  that  the  position  of 
the  inductors  gradually  changes  as  the  winding  proceeds,  other- 
wise they  would  pile  up  at  certain  points.  In  the  winding  shown  in 
Figs.  105  and  106  C  -(4x5)  +  2  =  22. 

It  is  also  allowable  to  employ  a  pitch  at  one  end  of  the  armature 
different  from  that  at  the  other  end,  but  both  must  be  odd  and  the  differ- 
ence must  be  2,  hence  the  average  pitch  y^^  is  even.  In  this  case 
the  formula  becomes  C=ny^^±2^  giving  another  series  of  available 
windings,  because  y  is  odd  in  the  first  expression  and  y^  is  even 
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in  the  second.  This  gives  greater  freedom  for  choice  of  windings, 
particularly  for  machines  with  six,  eight,  and  higher  numbers  of 
poles.    The  use  of  the  +  sign  in  either  of  the  above  formulas  makes 

C-2 

y  or  Jav"^ )  t^^^  is,  the  spacing  is  less  than  the  distance  between 

ft 

centers  of  consecutive  poles,  and  the  end-connections  are.  relatively 

shorter,  which  is  advantageous,  other  things  being  equal 

Two-circuit  multipolar  ring  windings  may  also  be  obtained,  but 
are  not  used  to  any  great  extent. 

Two-circuit  windings  in  general  secure  the  advantage  that  the 
number  of  inductors  required  for  a  given  E.M.F.  is  one-half  as 
great  as  in  a  four-circuit  winding.  This  is  because  one-half  of  the 
inductors  act  in  series  in  the  former,  while  only  one-quarter  act  in 
series  in  the  latter.  On  the  other  hand,  the  cross-section  of  the 
inductors  must  be  doubled  for  the  same  total  current  generated, 
because  two  paths  in  the  former  must  carry  as  much  current  as 
four  paths  in  the  latter.  These  statements  apply  to  four-pole  wind- 
ings, corresponding  differences  existing  in  other  multipolar  arma- 
tures. 

Multiple-circuit  drum  windings,  that  is,  those  having  as  many 
paths  as  there  are  poles,  are  obtained  from  any  even  number  of 
inductors,  but  the  pitches  at  the  two  ends  of  the  armature  must  both 
be  odd  and  must  differ  by  2,  hence  the  average  pitch  is  even.     The 


Fig,  lOe.    Wao9  Winding,    Th9  »am9  as  In  Fig,  105, 

pitch  is  also  forward  at  one  end  and  backward  at  the  other  end^ 
as  in  Fig.  107,  which  shows  a  winding  of  this  kind.  This  gives 
what  is  called  a  lap  winding,  and  will  be  compared  with  the  wave 
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winding  in  Fig.  105.    One  pitch  is  usually  a  little  greater  and  the 
other  a  little  less  than  the  distance  between  centers  of  consecutive 
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fig.  107.    Multlpit'Cirouit  Drum  Winding, 

holes,  so  that  the  average  pitch  is  nearly  or  exactly  equal  to  that 
distance,  i.e.,  in  the  latter  case  yo„=-.    As  explained  in  regard  to 

two-circuit  drums,  it  is  generally  desirable  to  make  y^  less  rather 
than  greater,  jn  order  to  shorten  the  end-connections,  and  for  that 
reason  windings  have  been  made  with  both  pitches  less  than  C-^n. 
Usually  the  inductors  in  these  windings  are  an  exact  multiple  of  the 
number  of  poles,  that  is,  C=nx,  in  which  x  may  be  any  number, 
odd  or  even,  but  greater  than  3.  The  winding  in  Figs.  107  and  108 
is  obtained  by  making  C  =  4  X  6  =  24. 

Windings  with  four  or  more  circuits  are  exposed  to  the  danger 
that  if  the  E.M.FJs  generated  by  the  several  poles  are  not  equal, 
currents  tend  to  play  back  and  forth  between  the  sections.  To 
take  an  extreme  case,  assume  that  the  magnetizing  coil  is  broken 
or  short-circuited  on  one  of  the  field-cores,  so  that  very  little  ■C.M.F. 
is  generated  under  the  corresponding  pole-piece.  That  portion  of 
the  winding  then  acts  as  a  short  circuit  on  the  rest,  and  the  arma- 
ture may  thus  be  burned  out.  There  is,  however,  a  fortunate  self- 
regulating  effect  that  tends  to  reduce  inequalities  of  voltage  in  the 
different  portions  of  such  a  winding.     Assuming  that  a  greater  flux 
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exists  between  one  particular  pole-piece  and  the  armature  than  in 
the  case  of  any  of  the  other  poles,  it  will  generate  a  higher  E.M.F. 
in  that  portion  of  the  winding  then  passing  under  it.  This  causes  a 
relatively  greater  current  to  flow  under  that  pole,  which,  reacting  upon 
the  flux,  tends  to  reduce  it  to  normal  value.  Conversely  a  weaker 
pole  is  less  opposed  by  the  smaller  current  or  is  favored  by  a  reversed 
current,  also  tending  toward  equality  of  conditions.  It  is  not  wise 
to  rely  entirely  upon  this  self-balancing,  however,  it  being  an  easy 


fig.  108.    Lap  Winding.    Tti9  »am9  a»  In  Fig,  107, 

matter  to  test  the  voltages  between  adjacent  sets  of  brushes  all  the 
way  around  the  commutator  to  determine  whether  they  are  equal. 
If  not,  the  voltages  and  fluxes  corresponding  to  the  different  poles 
should  be  equalized  by  varying  the  number  of  turns  in  the  field- 
coils,  the  simplest  way  being  to  take  off  or  short-circuit  some  of 
them.  This  difficulty  being  easily  avoided,  does  not  seriously 
interfere  with  the  use  of  multiple-circuit  armature  windings;  in 
fact,  they  are  generally  employed  in  direct-current  machines. 

An  advantage  of  the  two-circuit  armature  winding  is  the  fact 
that  only  two  sets  of  brushes  are  required,  while  multiple-circuit 
windings  (unless  cross-connected  as  already  explained)  demand 
as  many  sets  as  there  are  poles  in  order  to  have  full  armature 
current.  In  most  machines,  however,  especially  for  low  pressures 
of  110  or  220  volts,  it  is  desirable  to  provide  the  larger  number 
of  brushes  to  obtain  sufficient  area  of  contact  for  the  heavy 
currents  that  are  usually  carried  in  low  voltage  apparatus.  In 
such  cases  this  advantage  of  two-circuit  windings  disappears. 
A  prominent  exception  is   the   electric   railway  motor  in  which  a 
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two-circuit  winding  is  used,  multiplication  of  brushes  and  danger  of 
unequal  voltages  in  armature  circuits  being  particularly  objection- 
able in  this  machine. 

Wave  and  Lap  Windings. — Most  of  the  drum  windings  described 
above  advance  in  the  same  direction  around  the  armature.  This 
is  called  wave-winding,  because  it  would  have  that  form  if  it  were 
developed,  that  is,  taken  off  of  the  core  and  spread  out  flat.  It  is 
also  possible  to  carry  the  end-connections  alternately  forward  and 
backward,  so  that  the  successive  turns  overlap  each  other.  For 
example,  Fig.  106  shows  the  development  of  a  wave  winding,  a 
portion  of  it  beginning  with  inductor  No.  22  being  represented  by 
a  heavy  line  in  order  to  make  this  feature  clear.  A  lap  winding  is 
illustrated  in  Fig.  108,  a  portion  of  which  is  similarly  drawn  with 
a  heavy  line. 

Right-  and  Left-Hand  Windings  consist  respectively  of  turns 
which  pass  around  the  core  in  a  right-  or  left-hand  fashion.  The 
coils  represented  in  Fig.  92  as  passing  from  1  inside,  then  to  2,  etc., 
form  a  left-hand  winding. 

Double  Windings. — ^These  consist  of  two  entirely  distinct  wind- 
ings placed  upon  the  same  armature  core,  and  connected  respec- 
tively to  alternate  commutator-bars.  The  brush  is  thick  enough  to 
make  contact  with  at  least  two  commutator-bars,  so  that  both  wind- 
ings are  always  in  circuit  in  parallel.  This  construction  reduces  the 
tendency  to  sparking,  because  only  half  of  the  current  is  conimu- 
tated  at  a  time,  and  also  because  adjacent  commutator-bars  belong 
to  different  windings.  It  is  also  a  fact  that  an  armature  coil  is 
not  likely  to  be  short-circuited  by  the  formation  of  an  arc,  or  by 
copper  dust,  etc.,  on  the  commutator.  Furthermore,  an  accident 
to  one  winding  does  not  necessarily  disable  the  machine,  but  reduces 
its  current  capacity.  This  method  can  be  applied  to  any  armature, 
and  may  be  extended  to  triple  or  quadruple  windings;  its  only 
objection  is  the  increased  number  of  conductors  and  commutator- 
bars,  which  is  imdesirable  in  small  machines,  but  for  large  ones 
might  be  allowable.  Nevertheless  such  windings  are  not  very  often 
employed. 

Open-Coil  Windings. — ^The  windings  heretofore  considered  have 
all  been  of  the  closed-coil  type,  in  which  the  armature  conductors 
are  connected  together  and  closed  at  the  starting-point.  This  is 
the  usual  style  of  winding  for  direct-current  machines,  and  is  imiver- 
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sally  employed  for  incandescent  lighting,  where  a  steady  current  is 
desired.  For  series  arc-lighting,  however,  a  pulsating  current  is 
allowable,  or  perhaps  advantageous;  and  armatures  have  been 
extensively  used  in  which  the  winding  consists  of  a  comparatively 
small  nimiber  of  separate  coils,  the  terminals  of  which  are  open 
imtil  connected  to  the  circuit  by  the  commutator  brushes.  The 
Brush  and  the  Thomson-Houston  dynamos  for  series  arc-lighting 
contain  armatures  of  this  kind,  being  the  only  important  examples 
of  open-coil  windings,  and  will  be  considered  as  special  types  in 
Chapter  XVIII. 

Alternating-Current  Armature  Windings.  Single  Phase. — ^The 
principles  and  applications  of  alternating  currents  are  more  fully 
treated  in  Chapters  VII  to  XI  of  Vol.  II,  but  a  few  fundamental 
facts  will  now  be  noted.  An  elementary  alternating-current  gen- 
erator and  the  curve  of  E.M.F.  produced  by  it  are  represented  in 
Figs.  84  and  85,  the  action  having  been  explained  in  connection 
therewith.  Any  direct-current  winding,  except  the  imipolar  type, 
can  be  made  to  yield  an  alternating  current.  Take  any  point  of 
a  bipolar  winding,  such  as  a  Gramme  ring,  and  follow  it  as  it  re- 
volves; its  potential  is  first  zero,  then  rises  to  a  maximum  positive 
value  after  it  has  turned  through  9(f,  then  decreases  to  zero  again 
at  180°,  reaches  a  negative  maximum  at  270°,  and  finally  returns  to 
zero  after  it  has  revolved  through  a  complete  circle.  Another 
point  diametrically  opposite  to  the  first  will  pass  through  an  exactly 
complementary  cycle  of  changes,  one  point  being  positive  when  the 
other  is  negative,  and  vice  versa.  By  respectively  connecting  these 
two  points  with  two  collecting-rings,  on  which  rest  two  brushes  that 
form  the  terminals  of  an  electric  circuit,  the  latter  will  be  supplied 
with  an  alternating  current. 

In  practice,  however,  alternating-current  windings  are  usually 
different  from  those  used  for  direct  currents.  One  distinction  is  the 
fact  that  a  simple  open-coil  winding  may  be,  and  often  is,  employed; 
but  the  chief  difference  is  the  intermittent  action  of  the  inductors. 
In  a  direct-current  Gramme  ring  winding  a  certain  number  of  coils  are 
always  active,  while  those  in  the  space  between  the  pole-pieces  are 
not  generating.  In  this  way  a  practically  steady  E.M.F,  is  pro- 
duced by  a  large  fraction  of  the  coils.  But  for  an  alternating 
current  it  is  allowable  to  have  all  the  coils  active  at  one  moment, 
and  all  inactive  the  next,  corresponding  to  the  variations  in  the 
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current.  Hence,  the  winding  need  cover  only  as  much  of  the  arma- 
ture as  is  covered  by  the  pole-pieces. 

Owing  to  the  absence  of  the  commutator,  the  winding  of  an 
alternator  armature  is  somewhat  simpler  than  that  of  a  continuous 
current  machine.  Any  of  the  four  kinds  of  windings  previously 
mentioned  might  be  used,  but  the  ring  form  is  now  seldom 
employed.  The  advantages  of  the  alternating-current  drum  wind- 
ing are  the  same  as  for  the  corresponding  direct-current  winding, 
and  furthermore,  with  equivalent  armatures,  either  toothed  or 
smooth-core,  the  drum  loops  have  less  inductance  than  those  on  a 
ring  core.  In  virtue,  therefore,  of  its  lower  resistance  and  induct- 
ance, the  drum  type  gives  better  regulation  for  constant  potential 
service. 

Figures  109  and  110  show  two  forms  of  drum  winding  applicable 
to  alternating-current  machinery,  the  coils  being  equal  in  width  to 
the  pole-pieces,  and  also  to  the  spaces  between  the  poles.  All  the 
coils  are  in  series,  and  form  a  single  open-circuit  winding,  terminating 
at  the  collecting-rings  R  and  T.  At  the  moment  represented,  the 
inductors  are  all  generating,  and  the  maximum  EMS.  is  produced, 
R  being  positive.  A  rotation  of  90  magnetic  degrees  (the  distance 
between  centers  of  adjacent  poles  being  called  180°)  brings  the 
coils  into  the  neutral  spaces,  and  the  E.M.F,  becomes  zero,  and 
so  on. 

Polyphase  Windings. — ^The  use  of  two-  or  three-phase  alter- 
nating currents  belongs  rather  to  electric  power  than  to  lighting; 
but  systems  of  this  kind  are  often  installed  for  both  purposes.  These 
currents  and  their  applications  are  discussed  in  Chapters  VIII  and 
X  of  Vol.  II,  only  the  general  facts  being  given  here. 

A  two-phase  armature  may  be  considered  as  a  combination  of 
two  single-phase  armatures;  and,  in  fact,  it  usually  consists  of  two 
entirely  distinct  windings,  each  having  its  own  pair  of  collecting- 
rings.  The  essential  feature  is  the  fact  that  the  E.M.FJs  gener- 
ated by  the  two  windings  differ  in  phase  by  one-quarter  of  a 
period,  or,  in  other  words,  one  generates  its  maximum  E.M.F. 
when  the  other  is  at  zero.  For  lighting  purposes  the  two  cur- 
rents are  supplied  to  two  entirely  separate  circuits,  and  each  is 
used  just  as  if  the  other  did  not  exist.  For  driving  motors  the 
two  circuits  are  combined  to  produce  a  rotary  magnetic  field.  If 
either  armature  shown  in  Figs.   109  or  110  were  provided  with 
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another  winding,  the  coils  of  which  were  placed  in  the  spaces  be- 
tween the  first  set,  the  terminals  being  connected  to  another  pair 
of  collecting-rings,  the  result  would  be  a  two-phase  armature. 


fig,  109,    Wau9  Typ9  of  Drum  Winding  for  Slngle-Phaat  AlUmator% 


Fig,  110,    Lap  Type  of  Drum  Winding  for  8lngl9-Pha89  AlUrntitors, 

Three-phase  windings  are  similar  in  principle  to  the  two-phase, 
but  produce  three  currents  differing  120°  in  phase;  and,  further- 
more, the  three  windings  are  connected  together  in  either  the  Y 
or  the  A  form.    In  the  Y  winding  the  three  sets  of  coils  start  at  a 
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coirimon  point,  and  the  three  free  ends  are  connected  respectively 
to  three  collecting-rings,  from  which  the  three  main  conductors  of 
the  circuit  lead.  In  the  A  winding  the  three  sets  of  coils  are  all 
connected  together,  and  the  current  is  tapped  off  at  the  three  junc- 
tions (i.e.,  corners  of  the  triangle). 

Alternators,  whether  one-  two-  or  three-phase,  are  now  gener- 
ally made  with  stationary  armatures  and  revolving  fields.  It  makes 
practically  no  difference  in  the  action,  but  allows  the  armature 
connections  to  be  made  solid,  the  field-current,  which  represents  far 
less  energy,  being  much  more  easily  supplied  through  collecting- 
rings.  Oil  the  other  hand,  the  field-magnet  being  usually  heavier 
than  the  armatuire,  this  plan  increases  the  weight  of  the  moving 
parts,  whJch  is  advantageous  where  fly-wheel  effect  is  desired. 

Alternating-current  generators  have  also  been  built,  in  which 
both  field-coils  and  armature-coils  are  stationary,  the  lines  of  force 
from  the  former  being  caused  to  cut  the  latter  by  revolving  pieces 
of  iron,  whic  i  carry  the  lines  from  one  set  of  coils  to  the  other. 
These  are  called  inductor  machines,  one  type  being  the  Stanley 
two-phase  alternator.    (See  Figs.  151  and  152.) 

Dynamotor  Windings. — ^A  motor  and  a  dynamo  are  often  com- 
bined to  act  as  a  transformer,  as,  for  example,  when  a  500-volt 
direct-current  motor  is  directly  coupled  to  a  110- volt  dynamo,  the 
former  being  driven  by  current  from  an  electric  railway  circuit, 
and  the  latter  furnishing  current  for  incandescent  lamps  or  storage 
batteries.  A  similar  combination  with  a  generator  wound  for 
altemaang  currents  would  serve  to  transform  direct  into  alternating 
currents,  or  vice  versa. 

The  two  functions  are  often  combined  in  a  single  machine  to 
secure  compactness,  in  which  case  the  two  armature  windings  are 
put  on  one  core,  and  are  acted  upon  by  the  same  field-magnet. 
Each  winding  is  independent  and  complete  in  itself,  and  is  thor- 
oughly insulated  from  the  other.  Consequently,  any  of  the  forms 
of  winding  already  described  may  be  adopted,  the  only  peculiarity 
being  the  fact  that  the  two  windings  must  be  superimposed,  or 
laid  side  by  side  in  alternate  sections.  Besides  the  advantage  of 
compactness  secured  by  placing  both  windings  on  the  same  core, 
the  armature  reactions  of  the  two  counteract  each  other,  so  that 
demagnetization  of  the  field  by  ba,ck  ampere-turns,  and  shifting 
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of  the  brushes,  are  both  avoided.     Armature  reaction  is  discussed 
fully  later  in  connection  with  Figs.  134  to  137. 

A  still  further  simplification  consists  in  using  the  same  arma- 
ture winding  to  act  as  a  motor  and  as  a  generator  at  the  same  time. 
This  is  accomplished  by  connecting  the  winding  to  the  sections  of 
a  commutator  in  the  usual  way,  and  also  to  collecting-rings.  A 
direct  current  supplied  at  the  commutator  will  cause  the  armature 
to  revolve  as  a  motor,  and  at  the  same  time  an  alternating  current 
may  be  obtained  from  the  collecting-rings.  This  current  will  be 
single-  two-  or  three-phase,  depending  upon  the  number  of  collect- 
ing-rings, and  the  points  of  the  winding  to  which  they  are  connected. 
For  example,  if  an  ordinary  bipolar  Gramme  winding  be  connected 
at  four  equidistant  points  (i.e.,  90°  apart)  to  four  collecting-rings, 
a  two-phase  current  may  be  taken  off  from  the  rings.  Conversely, 
a  two-phase  current  fed  to  these  rings  will  enable  a  direct  current 
to  be  obtained  from  the  commutator. 

Such  a  machine  is  called  a  rotary  converter  or  simply  "rotary." 
The  latter  term  is  loose  and  converter  alone  is  suflScient,  because 
that  name  should  no  longer  be  applied  to  the  ordinary  alternating- 
current  transformer. 

A  rotary  converter  may  be  used  also  as  a  double-current  generator. 
All  that  is  necessary  is  to  drive  it  by  an  engine  or  turbine,  and  direct 
current  may  be  derived  from  its  commutator  while  alternating 
current  is  taken  from  the  collecting-rings,  or  either  may  be  obtained 
alone.  The  same  machine  may  thus  supply  locally  a  low-voltage 
direct-current  system,  and  through  transformers  a  high-voltage 
alternating-current  system  at  a  distance.  Dynamotors,  rotary 
converters,  and  double-current  generators  are  more  fully  treated 
in  Chapters  V  and  X  of  Vol.  II. 

Balancing  of  Armatures. — ^A  perfectly  balanced  armature  runs 
so  smoothly  that  one  can  hardly  detect  that  it  is  moving  at  all;  whereas 
the  slightest  excess  of  weight  on  one  side  is  likely  to  cause  vibration. 
This  produces  noise,  and  constantly  jars  the  machine,  which  not 
only  strains  it,  but  also  makes  the  brushes  spark. 

It  is  practically  impossible  to  construct  an  armature  core  and 
winding  so  true  that  it  is  balanced;  hence  armatures  are  almost 
always  balanced  when  they  are  nearly  completed.  The  usual  plan 
is  to  place  the  armature  with  the  ends  of  the  shaft  resting  on  two 
A -shaped  rails  which  are  perfectly  level.     It  is  then  rolled  back 
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and  forth  until  the  hghtest  point  is  found  by  the  fact  that  it  tends 
to  remain  uppermost.  A  piece  of  lead  is  attached  to  the  arma- 
ture at  this  point,  the  exact  amount  required  for  perfect  balance 
being  found  by  trial. 

Ordinarily  a  strip  of  sheet  lead  is  used,  and  is  held  by  a  band 
of  wire  wound  around  the  armature.  Another  arrangement  consists 
in  inserting  pencils  of  lead  in  holes  in  the  projections  of  a  toothed 
armature  or  in  the  core.  It  is  also  obvious  that  weight  may  be 
removed  from  the  heavy  side  of  the  armature  in  order  to  secure  a 
balance.  This  may  be  done  by  boring  a  hole  in  the  core,  but 
is  open  to  the  objection  that  it  connects  the  disks  together  and 
impairs  the  lamination.  If  the  end  core-disks  have  been  made 
thick,  holes  can  be  drilled  in  them  to  obtain  a  perfect  balance. 

The  question  is  often  raised  as  to  whether  a  standing  balance  is 
also  a  running  balance.  As  a  matter  of  fact,  a  body  balanced  static- 
ally is  also  balanced  dynamically,  provided  the  weights  are  sym- 
metrical with  respect  to  the  axis  of  rotation.  In  Fig.  Ill  a  weight 
of  2  lbs.,  at  a  radius  of  1  foot  from  the  axis  -4-4,  will  balance  a  weight 
of  1  lb.  at  a  radius  of  2  feet,  whether  standing  or  running,  because 
the  static  effect  and  centrifugal  force  are  both  directly  proportional 
to  the  radius,  and  the  weights  are  in  a  line  perpendicular  to  the  axis 
A  A.  In  Fig.  112  the  weights  will  still  balance  statically,  but  not 
dynamically,  since  the  ends  of  the  axis  -4-4  will  be  pulled  in  opposite 
directions  when  running.    Ordinarily  a  weight  placed  in  the  middle 


© 


© 


FlgB.  Ill  and  1 12.    Dynamic  and  Static  Balance. 

of  an  element  of  the  armature  will  balance  it  sufficiently  well;  but 
if  it  is  necessary  to  obtain  a  running  balance,  it  may  be  found  by 
revolving  the  armature  in  bearings  which  are  mounted  on  springs, 
or  by  hanging  up  the  machine,  or  mounting  it  on  a  wheeled  truck. 
Wew;hts  are  tried  at  various  points  until  the  armature  runs  steadily. 
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Binding  wires  are  essential  on  smooth-core  armatures  to  prevent 
the  inductors  from  being  thrown  out  by  centrifugal  force.  They 
are  also  required  on  armatures  with  slots  in  which  no  provision  is 
made  for  wooden  wedges.  Steel,  phosphor  bronze,  or  other  metal 
with  great  tensile  strength  and  poor  electrical  conductivity,  is  used; 
since  there  is  a  tendency  for  eddy  currents  to  be  set  up  in  these 
bands.  For  the  same  reason  a  small  wire  about  .03  to  .06  inch 
in  diameter  is  employed.  These  bands  of  wire  are  J  to  1  inch 
wide,  and  about  3  inches  apart,  and  are  wound  on  strips  of  mica, 
to  insulate  them  from  the  conductors.  The  ends  of  the  wire  are 
secured  by  small  straps  of  thin  brass  folded  around  the  band  and 
soldered. 

It  is  particularly  desirable  that  the  armature  should  lose  its 
heat  as  rapidly  as  possible,  in  order  to  keep  down  its  temperature, 
and  any  covering  interferes  with  the  dissipation  of  heat.  For  that 
reason  armatures  are  generally  left  uncovered;  and  in  most  cases 
special  means  of  ventilation  are  provided,  usually  in  the  form  of 
openings  in  the  armature  core,  as  represented  at  DD  in  Fig.  96. 
A  convenient  way  to  secure  these  openings  is  to  introduce  plates 
similar  to  that  illustrated  in  Fig.  113.  In  some  cases  ventilation  is 
further  increased  by  providing  fans  or  wings  on  the  armature.  In 
armatures  having  slots  narrower  at  the  top  or  specially  formed 
for  the  purpose,  wooden  wedges  or  sticks  may  be  forced  into  the 
tops  of  the  slots,  which  gives  an  excellent  finish,  and  dispenses 
with  any  covering  or  binding-wires. 

Commutators.— To  obtain  a  direct  current  from  an  armature 
ivinding  we  have  already  seen  that  a  commutator  is  required.  For 
a  closed-coil  winding  it  usually  has  a  large  nimiber  of  bars,  the 
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maximum  average  voltage  between  adjacent  bars  being  usually 
limited  to  nineteen  volts  or  less,  while  for  the  open-coil — Brush  or 
Thomson-Houston — armature,  the  commutator  has  a  small  num- 
ber of  sections.  The  former  t)rpe  of  commutator  is  composed 
of  a  number  of  bars  of  copper  5,  held  together  by  nuts  NNy 
and  washers  WW^  screwed  on  the  ends  of  central  tube  TT^  as 
shown  in  Fig.  114.  The  bars  are  insulated  from  the  washers  by 
mica,  as  represented  at  MM  and  DD^  and  each  bar  is  insulated 
from  its  neighbors  by  sheets  of  mica  E,  The  bars  must  also  be 
insulated  from  the  tube  Ty  either  by  a  tube  of  mica  C,  or  by  a 
sufficient  air-space.  It  is  very  important  to  have  the  parts  of  the 
commutator  perfectly  fitted  together  and  screwed  up  extremely 
tight,  in  order  that  there  shall  be  no  interstices  or  looseness. 
The  ends  of  the  sections  of  winding  may  be  connected  to  the 
projections  Py  by  inserting  them  in  the  slots  Fy  and  firmly  binding 
them  in  place  by  the  screw  Hy  as  shown  in  the  small  detail  view. 
The  end  of  the  wires  and  the  screw  H  may  then  be  soldered  to 
make  them  still  more  secure,  and  they  may  be  released  at  any 
time  by  simply  applying  a  hot  soldering-iron  to  them.      Solder 


fig.  1 14 1   Construetton  of  Commutator. 


alone  is  not  sufficiently  reliable  for  holding  commutator,  connec- 
tions. The  mica  insulation  may  extend  outward  between  the  pro- 
jections P,  to  prevent  copper  dust  from  getting  between  them,  or 
the  projections  may  be  made  thinner  and  separated  by  air  spaces. 
For  example,  the  projections  P  may  consist  of  strips  of  sheet  copper 
set  into  slots  in  the  end  of  the  commutator-bars,  and  bent  around 
the  wires  at  the  outer  end.    Many  commutators  are  made  with  the 
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washers  WW  entirely  outside  of  the  ends  of  the  copper  bars,  so 
that  the  effective  length  or  face  of  the  commutator  is  just  that 
much  shorter,  as  in  Fig.  115.    The  imdercut  form  of  bar  shown  in 


Hg^  7/5. 


Fig,  lie.     Conwtntction  of  Commutator 
of  Modium  Size. 

Fig.  114  gives  so  much  greater  useful  surface,  however,  that  it  is 
usually  preferable.  Figs.  116  and  117  illustrate  different  designs  of 
clamping-rings  for  large  commutators. 

One  of  the  best  materials  for  commutator-bars  is  simple  rolled 
copper  rods  of  the  proper  cross-section,  and  cut  off  in  suitable 
lengths,  since  they  are  tough  and  of  uniform  texture.  But  these 
cannot  be  made  with  projections  such  as  P,  hence  drop  forgings 
or  castings  are  used.  The  latter  are  not  usually  of  sufficient 
toughness  and  uniformity,  and  require  to  be  annealed,  rolled,  or  treated 
in  some  way.  The  use  of  brass,  iron,  steel,  or  other  metal  except 
nearly  pure  copper,  has  not  usually  resulted  in  success,  for  the 
reason  that  these  metals  seem  to  burn  more  than  copper  under 
the  influence  of  sparking.  Attempts  to  substitute  other  insulating 
materials  for  mica  have  also  been  unsuccessful  in  most  cases. 
There  are  many  varieties  of  mica  differing  considerably  in'  hardness 
and  other  qualities.    It  is  very  important  to  select  that  kind  which 
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wears  at.  the  same  rate  as  the  copper.  If  too  hard,  it  will  be  left 
projecting  beyond  the  copper  and  prevent  the  brushes  from  making 
proper  contact.  On  the  other  hand  mica  that  is  too  soft  wears 
away  and  leaves  furrows  between  the  bars  in  which  copper  dust 
collects,  causing  short-circuits. 

Brushes.  —  The  principal  kinds  of  commutator  brushes  which 
have  been  used  are :  — 

1.  A  simple  strip  of  springy  sheet  copper,  the  ends  of  which  are  slit  to 
insure  contact  at  several  points,  and  set  almost  perfectly  tangent  to  the  commu- 
tator. These  are  used  on  the  Brush  and  Thomson-Houston  arc  dynamos  in 
which  the  current  is  limited  to  ten  amperes. 

2.  A  laminated  brush  composed  of  a  number  of  strips  of  thin  sheet  copper 
soldered  or  otherwise  held  together  at  the  end  farthest  from  the  commutator. 
These  brushes  are  called  **  tangential ;  "  but  actually  they  are  beveled  off  at  the 
end,  and  inclined  to  the  true  tangent  in  order  that  the  ends  of  all  the  sheets  may 
make  contact. 

3.  A  laminated  brush  similar  to  the  preceding,  but  with  the  sheets  placed 
perpendicular  to  the  axis  of  the  commutator.  The  objection  to  this  brush  is 
the  fact  that  it  tends  to  wear  grooves  in  the  commutator.  This  brush  is  also 
placed  at  an  inclination  to  the  tangent. 

4.  A  rectangular  bundle  of  copper  wires  soldered  together  at  one  end. 
This  form  is  likely  to  cause  the  same  trouble  as  the  last,  but  not  to  the  same 
extent.     Its  position  is  also  inclined  to  the  tangent. 

.5.  Sheets  of  fine  copper  gauze  are  folded  or  rolled  up,  and  pressed  into 
rectangular  form.  These  brushes  make  a  very  perfect  contact  by  reason  of  their 
soft,  spongy  nature,  but  they  are  quite  expensive.  They  may  be  inclined  to 
the  tangent  like  the  three  preceding  forms,  or  they  may  be  set  radially.  The 
latter  position  gives  the  advantage  that  the  point  of  contact  does  not  change 
as  the  brushes  wear  away. 

6.  Slabs,  blocks,  or  rods  of  carbon  set  either  radially,  or  inclined  to  the 
tangent,  usually  the  former.  Graphite  or  a  mixture  of  graphite  and  carbon 
is  also  used,  possessing  the  advantage  of  a  lower  coefficient  of  friction,  some- 
what higher  conductivity,  and  is  more  easily  cut  or  fitted. 

,  Carbon  brushes  tend  to  keep  the  commutator  smooth,  in  fact, 
they  actually  polish  it ;  whereas  copper  brushes  tend  to  tear  and 
roughen  the  surface.  .  The  amount  of  wear  is  also  less,  and  a 
commutator  will  last  several  times  as  long  with  carbon  brushes. 
The  commutator  may  be  reversed,  and  run  in  either  direction  with 
carbon  brushes ;  but  this  advantage  applies  more  to  motors  than  to 
dynamos.     Carbon  dust  is  far  less  objectionable  than  copper  dust 
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about  an  electrical  machine,  since  it  does  not  produce  such  a  bad 
short  circuit.  The  chief  merit  in  carbon  brushes  is  the  reduction 
in  sparking,  which  results  partly  from  their  smoothing  action,  and 
partly  from  the  gradual  shutting  off  of  the  current  which  occurs 
when  each  commutator-bar  leaves  the  brush,  owing  to  the  higher 
specific  resistance  of  carbon.  Copper,  on  the  other  hand,  has 
such  a  high  conductivity  that  the  full  current  flows  to  each  com- 
mutator-bar, even  when  it  has  almost  entirely  passed  from  under 
the  brush ;  and  then  it  is  very  suddenly  interrupted,  causing  a 
spark,  which  would  not  be  produced  if  the  current  were  gradually 
shifted  to  the  next  commutator-bar. 

This  explains  the  paradoxical  fact  that  a  certain  amount  of 
resistance  is  desirable  in  a  brush.  But  as  this  resistance  is  only 
required  in  the  trailing  edge  of  the  brush,  attempts  have  been 
made  to  increase  the  conductivity  of  other  portions  by  combining 
copper  sheets  or  wires  with  the  carbon. 

In  addition  to  the  high  resistance  of  carbon  brushes,  which  is 
decidedly  objectionable  except  in  one  edge,  they  are  too  easily 
broken,  and,  having  no  flexibility,  the  least  roughness,  vibration,  or 
dirt  will  throw  them  out  of  contact  with  the  commutator ;  never- 
theless, they  are  generally  preferred  unless  the  amount  of  current 
is  too  great  for  their  conductivity.  The  use  of  rollers  instead  of 
brushes  to  make  contact  with  the  commutator  has  often  been  tried^ 
but  has  not  been  successful  owing  to  the  small  area  of  contact. 

The  relation  between  pressure,  contact  resistance,  and  fric- 
tion of  brushes  varies  considerably,  but  average  figures  have  been 
found  by  experience.  Carbon  brushes  will  carry  about  40  amperes 
per  square  inch  of  contact  surface.  In  smaller  machines  this  may 
be  increased  to  60  or  70  amperes  per  square  inch.  Copper  brushes 
are  used  at  150  to  200  amperes  per  square  inch.  The  ordinary 
pressures  are  1.5  to  2  lbs.  per  square  inch  for  carbon  and  1.25  to  1.5 
lbs.  for  copper  brushes.  Peripheral  speeds  of  commutators  vary 
from  1,500  to  2,500  feet  per  minute,  being  usually  greater  in  larger 
machines. 

The  contact  resistance  of  brushes  is  not  constant,  varying  approxi- 
mately inversely  as  the  current  density.  This  gives  a  fall  of  poten- 
tial (drop =Ci?)  that  is  nearly  the  same  at  all  loads  within  practical 
limits,  being  .8  to  1.  volt  for  carbon  brushes  at  each  contact.    In 
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practically  all  cases  this  would  amount  to  1.6  to  2.  volts  for  the 
two  contacts,  positive  and  negative,  of  a  machine.    It  is  not  materi- 


F\g%,  Ilea  and  117,     Oonstrustion  of  Larg9  Commumcors. 

ally  affected  by  putting  a  number  of  brushes  in  parallel  in  each 
set  or  by  having  several  sets  as  in  most  multipolar  machines,  because 
this  merely  reduces  the  current  density,  and  the  contact  resistance 
varies  in  the  inverse  ratio,  their  product  being  nearly  constant,  as 
already  stated.  The  rise  in  temperature  is  less  with  a  greater 
area  of  contact,  and  it  is  chiefly  for  this  reason  that  brushes  are 
added  to  limit  the  current  density  to  about  40  amperes  per  square 
inch.  The  contact  resistance  of  copper  brushes  is  about  one- 
twentieth  of  one-tenth  that  of  carbon.  The  watts  lost  in  the  brushes 
are  calculated  by  multiplying  the  total  drop  in  volts  (=  1.6  to  2.  for 
carbon)  by  the  total  current  that  they  carry. 

The  coefBlcient  of  friction  of  brushes  is  about  .3  for  carbon  and 
.2  to  .25  for  copper.  The  loss  in  watts  due  to  carbon-brush  fric- 
tion is  therefore: — 


W-- 


.3X746 
33000 


PS, 


in  which  P  is  the  total  pressure  in  pounds  on  the  commutator  and 
S  is  its  perij)heral  speed  in  feet  per  minute. 

The  above  data,  electrical  as  well  as  mechanical,  assume  that 
the  commutator  and  brushes  are  in  good  condition.  If  they  are 
dirty  or  rough  the  losses  due  to  contact  resistance  and  to  friction 
are  both  increased,  in  some  cases  very  considerably. 

Brush-Holders. — ^The  devices  used  for  holding  the  brushes 
against  the  commutator  with  the  proper  pressure  differ  in  each 
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type  of  machine,  and  no  general  rules  can  be  laid  down.  The 
requirements  to  be  fulfilled  by  a  brush-holder  are  more  numerous 
and  difficult  than  one  would  expect.  The  brush  must  be  held 
securely,  and  at  the  same  time  it  must  be  fed  forward  as  it  wears 
away.  It  must  be  capable  of  being  lifted  away  from  the  commu- 
tator, and  preferably  held  out  of  contact  by  some  form  of  catch. 
The  brush  should  be  easily  removable  for  cleaning  or  renewal. 
The  spring  pressure  must  be  adjustable. 

One  of  the  troubles  with  brush-holders  results  from  the  cur- 
rent passing  through  the  spring,  which  destroys  the  elasticity  of 
the  latter  by  heating  it.  This  may  be  avoided  by  insulating  one 
end  of  the  spring,  or  by  carrying  the  entire  current  directly  from 
the  brush  itself  to  the  main  conductors  by  a  flexible  copper  strip 
or  cable  firmly  connected  to  both. 

The  brush-holders  proper  are  carried  by  a  rocker  arm  for  bipolar, 
and  by  a  rocker  rmg  for  multipolar  machines,  which  is  mounted 
upon  one  of  the  main  bearings,  or  upon  a  support  specially  pro- 
vided for  it,  and  is  arranged  to  revolve  concentrically  with  the  shaft, 
so  that  the  position  of  the  brushes  may  be  shifted  back  and  forth 
until  the  minimum  sparking  is  obtained. 

It  is  also  desirable  to  have  the  brush-holders  capable  of  slight 
individual  adjustment,  that  is,  with  respect  to  each  other,  thus 
enabling  each  to  be  set  at  its  own  minimum  sparking-point.  A 
form  of  brush-holder  is  illustrated  in  Fig.  118,  other  examples  as 


Fig,  118.     Bru8h-Hold9r, 


well  as  different  styles  of  rocker  arms  and  rings  being  represented 
in  connection  with  the  typical  machines  in  Chapter  XVIII. 
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TniiD-MAGNlBT  OONSTBUCTION. 

General  Form. — ^The  form  of  the  field-magnet  depends  pri- 
marily upon  whether  it  is  bipolar  or  multipolar.  The  former  was 
almost  universally  adopted  prior  to  1890  for  all  sizes  of  machine 
even  up  100  kilowatts  or  more.  Its  use  is  now  confined  to  small 
machines  of  less  than  5  kilowatts,  larger  sizes  being  made  multi- 
polar to  save  material,  as  explained  later.  Bipolar  field-magnets 
may  be  of  the  simple  horseshoe  type,  placed  as  in  the  original  Edison 
dynamos  (Fig.  139),  or  may  be  turned  with  pole-pieces  upward 
(Fig.  140),  often  called  the  "inverted  horseshoe."  The  term under- 
lype  is  frequently  applied  to  the  former,  and  overtype  to  the  latter, 
on  account  of  the  position  of  the  armature.  Some  designers  have 
put  the  horseshoe  form  of  magnet  on  its  side,  as  represented  in 
Fig.  119,  but  such  a  machine  is 
unsynwnetrical,  and  for  that 
reason  not  particularly  pleasing 
in  appearance.  Moreover,  the 
entire  base  of  the  machine  and 
the  bearings  are  connected  to 
one  of  the  pole-pieces,  and  the 
large  surface  thus  exposed  in- 
creases the  magnetic  leakage. 

This  type  is  interesting  from 
the  fact  that  it  requires  only  a 
single  magnetizing  coil.  The 
same  form  is  also  arranged  to 
stand  with  the  core  C  horizontal, 
the  armature  being  either  over 
or  under  the  latter.  In  this  case  the  bearings  must  be  supported 
upon  arms  of  brass  or  other  non-magnetic  metal,  since  they  extend 
from  one  pole-piece  to  the  other.  This  form,  as  well  as  the  under- 
type,  is  open  to  the  objection  that  if  set  upon  an  iron  base,  the  latter 
would  act  as  a  magnetic  short  circuit  from  one  pole  to  the  other, 
and  rob  the  armature  of  a  large  fraction  of  the  flux.  This  difiiculty 
was  reduced  in  Edison  undertype  machines,  which  are  no  longer 
manufactured,  by  interposing  thick  pieces  of  zinc  between  the  pole- 
pieces  and  the  base;   but  even  with  this  construction  Hopkinson* 

♦  Paper  on  "Dynamo-Electric  Machinery,"  Phil.  Trans,  of  Royal  5oc.,May  6, 1886. 


Ng.  119, 
Bipolar  FMd'Magnwt  with  Single  Coll. 
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found  the  magnetic  leakage  through  the  base  to  be  10.3  per  cent 
of  the  total  flux.  The  other  form  (with  single  horizontal  core) 
is  ordinarily  used  without  an  iron  base-plate,  the  pole-pieces  being 
provided  with  feet,  upon  which  the  machine  rests. 

The  overtype,  on  the  other  hand,  has  small  magnetic  leakage, 
because  the  pole-pieces  are  not  near  the  base  or  other  magnetic 
conductor,  and  their  surface  is  less  than  in  the  undertype  or  in  the 
single-coil  magnet  shown  in  Fig.  119.  Fig.  120  represents  a  radi- 
cally different  form  of  bipolar  field-magnet,  commonly  called  the 

Manchester  type,  from  the  fact  that 
machines  of  this  kind  were  designed 
by  Dr.  John  Hopkinson,  and  manu- 
factured by  Mather  &  Piatt  in 
Manchester,  England.  This  con- 
struction is  extremely  solid;  but  it 
has  the  undesirable  feature  that 
there  are  two  magnetic  circuits  in 
parallel,  producing  what  are  called 
consequent  poles^  and  each  circuit 
requires  as  many  ampere-turns  as  a  single  (horseshoe)  magnetic 
circuit.    The  number  of  ampere-turns  is  doubled,  but  each  is  only 


Hg.  120. 
ManehuUr  Typ9  of  fMd-Magntt. 


Fig.  121.    Bipolar  Ring  Flold-Magn^t. 

y/\  times  as  long,  because  the  cross-section  of  each  core  is  one-half 
that  of  an  equivalent  single  core.  The  required  length  of  wire  is 
therefore  2X^^=1-41  times  as  great  for  the  double  magnetic 
circuit.  This  form  also  has  considerable  magnetic  leakage,  the 
entire  base  and  bearings  being  connected  to  one  of  the  pole-pieces, 
the  same  as  in  Fig.  119. 

A  ring  arrangement  of  bipolar  field-magnet  that  may  be  partly 
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or  wholly  inclosed  is  illustrated  in  Fig.  121,  the  modem  tei  dency 
being  to  adopt  machines  that  are  partially  or  completely  enclosed. 

Multipolar  field-magnets  are  adopted  in  practically  all  machines, 
whether  for  direct  or  ahemating  current,  excepting  the  small  direct- 
current  types  already  mentioned.  The  almost  universally  accepted 
form  consists  of  an  external  nng  with  mwardly  projecting  cores 
terminating  in  pole-pieces,  as  shown  in  Fig.  122.  This  construc- 
tion has  the  advantages  of  strength,  simplicity,  symmetrical  appear- 
ance, and  minimu.r  magnetic  leakage,  since  the  pole-pieces  have  the 
least  possibl*^  surface.  The  four-pole  magnet  in  Fig.  123  is  simple, 
since  onh  two  coils  are  required;    but  the  entire  base  and  upper 
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fig.  122.  Multipolar  Ring  Fitid'Magntt, 


Fig.  123.     Four-Pol;  lufO-Coii  Magnet. 


surface  are  magnetic,  and  the  two  poles  N  and  N  being  indirectly 
magnetized,  not  having  any  coils  of  their  own,  are  not  as  powerful 
as  the  poles  S  and  5,  so  that  the  magnetic  hnes  are  more  easily  dis- 
torted in  the  former,  which  causes  sparking.  This  construction  is 
thoroughly  compact  and  substantial,  however,  and  has  been  used 
where  space  is  limited,  or  where  a  machine  is  particularly  exposed 
to  mechanical  injury,  as  in  mining-work. 

Material  for  Field-Magnets. — The  principal  materials  utilized 
for  the  purpose  are  wrought  iron,  cast  steel,  and  cast  iron,  which 
can  be  used  singly  or  in  combination. 

The  magnetic  quahties  of  these  materials  are  given  in  the  curves 
in  Fig.  82.  Wrought  iron  and  cast  steel  have  the  same  permeability 
at  about  15,000  lines  per  square  centimeter,  below  that  the  former 
being  a  little  superior.  The  objection,  however,  to  the  use  of  wrought 
iron  for  field-magnets  is  the  difl&culty  of  making  in  the  forms  required. 
This  may  be  avoided  by  using  it  in  simple  forms,  such  as  the  plain 
cylinder  C  in  Fig.  119,  which  can  easily  be  made  by  cutting  oflf 
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lengths  from  round  bars,  the  latter  being  very  cheaply  manufactured 
in  rolling-mills.  To  make  more  complicated  shapes  of  wrought  iron 
involves  forging,  which  is  expensive. 

The  cheapening  and  development  of  the  process  of  casting 
**mild"  steel  (soft  steel)  with  a  very  small  amount  of  carbon  has 
resulted  in  the  general  adoption  of  this  metal  for  field-magnets. 
It  combines  high  permeability,  cheapness,  strength,  and  the  ability 
to  be  cast  in  any  reasonable  form.  It  is  not  economical  to  use 
cast  iron  for  the  cores  of  field-magnets,  since  it  requires  from  2  to 
2.5  times  the  cross-section  of  wrought  iron  or  steel  for  the  same 
reluctance.  With  a  circular  cross-section  this  requires  about  1.5 
times  the  length  of  wire  for  a  given  number  of  ampere-turns,  and 
the  necessary  weight  of  cast  iron  being  2  or  2.5  times  greater,  makes 
it  clumsy  and  more  expensive.  For  pole-pieces,  yokes,  bases,  or 
other  parts  which  are  not  wound  with  wire,  the  extra  circumference 
is  not  so  objectionable;  and  often  the  increased  weight  is  positively 
advantageous  in  giving  greater  stability.  Consequently  cast  iron  is 
often  used  for  these  parts,  and  steel  or  wrought  iron  for  the  cores. 

In  joining  cast  iron  to  these  other  metals,  it  is  hardly  sufficient 
to  butt  the  two  together,  as  represented  in  Fig.  120,  because  the 
permeability  of  a  given  area  of  cast  iron  is  only  one-half  as  great. 
Hence,  to  secure  the  proper  surface  of  contact,  the  pieces  of  steel  or 
wrought  iron  should  be  imbedded  in  the  cast  iron  by  placing  the 
former  in  the  mold  when  the  casting  is  made,  or  the  cast  iron  may 
be  bored  out  to  receive  the  ends  of  the  cores,  as  shown  in  Fig.  119. 
Another  plan  is  to  interpose  a  plate  of  wrought  iron  of  larger  diameter 
than  the  core,  to  distribute  the  magnetic  lines.  Joints  in  the  magnetic 
circuit  are  not  desirable,  because  they  involve  work  in  fitting  them 
together,  and  may  cause  looseness  or  weakness,  usually  avoidable, 
however,  with  good  workmanship.  But  the  common  idea  that  joints 
introduce  great  reluctance  is  not  true.  An  ordinary  joint  is  equivalent 
to  an  air-gap  of  about  .005  centimeter,  or  .002  inch,  according  to 
Ewing,*  which  is  practically  insignificant,  and  does  not  at  all  war- 
rant the  making  of  complicated  castings  or  forgings  to  avoid  one 
or  two  joints  in  the  magnetic  circuit. 

Size  and  Form  of  Field-Magnet  Cores. — ^The  length  of  cores 
required  for  a  given  field-magnet  depends  simply  upon  the  amount 

*  Magnetic  Induction  in  Iron  and  Other  Metals^  London,  1892,  pp.  273-208. 
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of  field- winding.  The  turns  needed  are  calculated  in  the  manner 
described  on  the  next  page,  -and  the  size  of  wire  is  found  by  the 
method  given  later.  It  then  only  remains  to  make  the  core  long 
enough  to  receive  those  turns  properly,  and  expose  suflBicient  surface 
to  dissipate  the  heat  generated  by  the  current  and  thereby  prevent 
the  temperature  from  becoming  excessive.  The  last  question  is 
also  discussed  later  in  the  present  chapter.  The  cores  should  be 
made  as  short  as  possible  compatible  with  the  heating  limit,  in  order 
to  shorten  the  magnetic  circuit,  and  reduce  the  cost  of  the  machine. 

The  area  of  cross-section  of  the  field-cores  is  determined  by 
the  total  flux,  a  flux  density  of  13,000  to  16,000  lines  per  square 
centimeter  being  the  usual  limits  for  cast  steel  or  wrought  iron, 
and  6,000  to  7,000  for  cast  iron. 

Having  ascertained  the  length  and  area  of  cross-section  of  the 
core,  the  form  is  easily  decided  upon;  because  in  every  case  it  should 
be  a  simple  cylinder,  unless  there  is  some  special  reason  for  making 
it  otherwise. 

Any  departure  from  a  circular  cross-section  is  objectionable  for 
the  following  reasons: — 

1.  The  circle  has  the  least  circumference  for  a  given  area, 
even  the  perimeter  of  an  equivalent  square  being  13  per  cent  longer; 
and  a  rectangle  with  one  side  three  times  the  length  of  the  other  has 
a  perimeter  30  per  cent  greater  than  that  of  an  equal  circle. 

Assuming  a  circle  10  inches  in  diameter,  its  area  is  rr'=  3.1416x25=  78.9 
square  inches,  and  its  circumference  is  7rXlO==31.4  inches.  To  have  the  same 
area  a  square  must  have  its  side  Ar==\/78.9=8.9  inches,  the  perimeter  being 
4x8.9=35.6  inches.  For  the  rectangle  3yXy=78.9  or  the  shorter  side  y^ 
V^26.3=5.1  inches  and  the  perimeter  is  2y+ 6^=40.8  inches.  The  perimeters 
are  31.4:35.6:40.8  or  1:1.13:1.30. 

2.  It  is  much  easier  to  make  a  cylinder,  because  the  piece  itself 
or  the  pattern  for  it  can  be  turned  in  a  lathe. 

3.  Cylindrical  spools  are  more  easily  made  than  elliptical  or 
rectangular  ones. 

4.  The  operation  of  winding  is  much  more  difficult  with  a  rect- 
angular core,  since  the  strain  on  the  wire  is  very  unsteady. 

5.  A  rectangular  or  even  an  elliptical  core  is  much  more  likely 
to  cause  a  short  circuit  between  the  turns  of  wire,  because  the  wires 
are  forced  together  at  certain  points  and  cut  through  the  insulation. 
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Similar  arguments  apply  to  a  core  having  a  curved  axis,  that 
is,  a  ring  or  bow-shaped  field-magnet  core. 

These  latter  are  far  more  difEcult  to  wind,  and  possess  little  or 
no  compensating  advantage.  The  shortness  of  magnetic  circuit 
claimed  for  them  is  very  doubtful,  the  actual  length  of  core  being 
greater  than  if  it  were  straight,  because  the  winding  is  not  so  perfect. 
It  often  happens,  in  the  design  of  dynamos,  that  it  is  apparently 
desirable  to  adopt  a  core  which  is  not  circular  in  section  or  one  having 
a  curved  axis;  but  it  is  better  to  change  the  entire  design  in  order  to 
avoid  these  forms,  except,  perhaps;  for  a  special  machine,  to  fit  in  a 
certain  limited  space.  It  is  also  allowable  to  use  field-cores  of  rect- 
angular cross-section  when  the  ends  of  the  cores  form  the  pole  faces 
without  the  addition  of  pole-pieces;  it  being  usually  desirable  to 
have  the  pole  faces  rectangular. 

Calculations  of  the  Ampere-Turns  Required  in  the  Field-Coils.— r 
The  methods  given  for  determining  the  flux  in  a  magnetic  circuit 
are  often  roundabout  and  difficult,  because,  as  already  stated  in 
the  beginning  of  this  chapter,  the  reluctance  depends  upon  the 
flux  density;  consequently,  it  is  necessary  to  find  or  approximate 
the  latter  before  the  value  of  the  reluctance  can  be  substituted  in 
the  formula.  This  trouble  is  avoided  in  most  cases  by  simply  fixing 
the  number  of  lines  of  force  to  be  used  in  a  given  case  by  calculation 
or  assumption  in  the  very  beginning.  The  next  step  is  to  allow  a 
suflicient  cross-section  of  iron  to  carry  these  Unes  of  force,  with 
a  reasonable  flux  density.  Knowing  the  latter  at  once  fixes  the 
value  of  the  reluctance,  and  the  necessary  nimiber  of  ampere-turns 
is  found  by  solving  the  equation.  If  the  particular  solution  is  not 
suited  to  the  various  conditions,  a  slight  change  in  the  original  assump- 
tions will  bring  it  to  the  proper  value.  The  more  preliminary  calcu- 
lations that  are  made,  the  more  perfect  and  reUable  will  be  the  fimial 
figures;  and  it  is  always  wise  to  make  assumptions  on  both  sides  of 
the  accepted  value  before  being  satisfied  that  it  is  the  best  one.  The 
ampere-turns  required  for  the  three  portions  of  the  magnetic  circuit 
— the  field-magnet  proper,  the  air-gap,  and  the  armature  core — 
are  determined  separately.  By  thus  keeping  these  quantities  inde- 
pendent, a  change  can  be  made  in  one  without  affecting  the  others. 
In  the  case  of  each  of  these  parts,  we  have  the  required: — 

10     ^^     L         NL 
Ampere-tums=^.iV.^  =  ^^^257^, 
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in  which  N  is  the  total  flux  in  lines  of  force  in  that  portion  of  the 
circuit  (see  Magnetic  Leakage  on  page  318),  L  is  the  mean  length 
in  centimeters  of  the  lines  in  the  given  part,  A  is  the  area  of  cross- 
section  of  that  part  in  square  centimeters,  and  /x  is  the  permeability 
of  the  material  which  may  be  obtained  by  dividing  the  value  of  B 
by  that  of  H  obtained  from  the  curves  in  Fig.  82,  provided  B,  the 
flux  density,  is  known.  The  latter  should  be  fixed  in  the  first  place 
as  already  explained,  and  is  equal  to  iV,  the  total  flux,  divided  by 
i4,  the  area  of  cross-section.  It  should  also  be  remembered  that 
the  A.-T.  per  centimeter  given  by  the  curves  must  be  multiplied  by 
1.257  to  obtain  H  in  C.G.S.  units. 

The  proper  density  to  allow  depends  upon  circumstances;    but 
usually  about  14,000  lines  per  square  centimeter  for  wrought  iron, 


fig.  1J4.    Majmik  Circuit  of  Bipolar  Maehin: 

or  mild  cast  steel  in  the  field-magnets,  10,000  to  12,000  in  the 
armature  core,  20,000  or  even  higher  density  in  the  armature 
teeth  to  avoid  sparking,  as  explained  under  that  head,  and  about 
6,000  for  cast  iron,  arc  reasonable  values.  The  density  in  the  air- 
gap  is  ordinarily  6,000  to  8,000  lines  per  square  centimeter. 
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As  already  explained  on  page  260,  it  is  not  necessary  to  consider 
the  cross-section  in  calculating  the  A.-T.'s  required  for  a  given 
magnetic  circuit,  provided  its  length  and  the  flux  density  are  known. 
This  applies  not  only  to  a  simple  case  with  imiform  material  and 
flux  density,  but  also  to  circuits  composed  of  different  materials  of 
various  sizes. 

The  magnetic  circuit  of  a  bipolar  machine  is  shown  in  Fig. 
124.  It  comprises  an  armature  core,  two  air-gaps,  and  the 
magnet  frame.    The  data  of  this  circuit  is  as  follows: — 


Port. 

Material. 

Total  Flux. 

Bffective 
Croaa-section. 

Armature 

Mild  sheet  steel 
Air 

Cast  steel 
Cast  steel 
Cast  steel 

4,000,000 
4,000,000 
5,200,000 
5,200,000 
5,200,000 

400  sq.  cm. 

930 

505 

37X 

530 

Gaps 

Pole-pieces 

M  agnet  cores 

Yoke 

The  total  flux  in  the  magnet  frame  is  greater  by  .3  than  in  the  gaps 
and  armature,  as  a  coefficient  of  magnetic  leakage  of  1.3  has  been 
assimied. 

The  term  effective  cross-section  means  the  true  conducting  area.    For 

instance,  the  cross-section  of  the  armature  core  is  444  square  centimeters  but  on 

account  of  armature  lamination  and  the  lamina:  insulation  only  90  per  cent  of 

this  is  iron,  and  therefore  the  effective  cross-section  is  90  per  cent  of  444,  or  400 

square  centimeters.    The  effective  cross-section  of  the  air-gap  is  greater  than  the 

polar  face  (which  in  this  instance  embraces  an  arc  of  135^)  by  an  amount  allowed 

for  magnetic  fringing.    This  correction  is  equal  to  the  area  produced  by  multi- 

plying  the  perimeter  of  the  polar  face  by  .8  of  the  length  of  one  air-gap.    The 

32  x?r  xl35 
area  of  the  polar  face  is  21.75  X «^^ =  824.3  square  centimeters.      The. 

correction  for  fringing  is  .8[(2 1.75 +37.9)2],  or  95.4,  so  that  the  total  effective 
area  of  the  air-gap  is  the  sum  of  these  quantities  or  920  square  centimeters. 


The  facts  necessary  to  determine  the  required  ampere-turns  are 
the  flux  densities  in  the  various  parts,  and  their  effective  lengths* 
The  flux  densities  are  obtained  by  dividing  the  total  flux  by  the 
area  of  the  part  in  question,  and  the  length  of  the  magnetic  path 
is  determined  by  measurement. 
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Tabulating  these  results  we  have: — 


Part. 

Flux  Density  i>er 
Square  Centimeter. 

Length  of 
Blaenetic  Path 
in  Centimeters. 

Armature 

10,000 

4,350 
10,300 
14,000 

8,000 

25.6 
1.0 
16.0 
20.0 
4425 

Each  ffaD 

Each  Doie-Diece. 

Each  magnet  core 

Yoke 

By  reference  to  the  proper  magnetization  curves  in  Fig.  82,  the 
ampere-turns  per  centimeter  length  can  be  determined,  and  multi- 
plying these  values  by  the  total  length  of  each  part,  the  total  ampere- 
turns  can  be  readily  obtained. 

No  curve  is  given  for  air,  since  its  permeability  is  unity,  and  as 
previously  explained  one  ampere-turn  will  develop  1.257  lines  of 
force  per  square  centimeter  cross-section  one  centimeter  long,  or,  if 
longer,  inversely  as  the  length. 

Tabulating  the  results  obtained  by  reference  to  Fig.  82: — 


Part. 


Flux 
Density. 

Ampere- 
turns  per 
Centimeter 
Len^rth. 

10,000 

4.3SO 

10,300 

14,000 

8,000 

2.0 
3,461.0 

4.8 

II. 6 

2.4 

Total  LenfiTth  of 
Magnetic  Circtiit. 


Total 
Ampere- 
turns. 


Armature 

Two  air-gaps  .... 
Two  magnet  poles. 
Two  magnet  cores. 
Yoke 


25.6 

1X2-2 

i6X2-=32 

20X2  —  40 

44.25 


51. o» 

6,922.0* 

154.0. 

464.0 

105.0 


Grand  total — ampere-turns. 


7700 


These  ampere-turns  are  equally  divided  between  the  two  magnet 
cores. 

Calculations  for  Slotted  Armatures. — ^The  armature  in  the  pre- 
ceding problem  was  assumed  to  be  of  the  smooth-core  type,  but 
when  slotted  armatures  are  employed,  the  area  of  the  air-gap  is  not 
simply  as  previously  stated,  because  the  effective  area  is  less.  In 
this  case  the  air-gap  area  may  be  taken  as  the  mean  of  the  polar- 
face  area  and  the  iron  area  at  the  face  of  the  teeth.  The  number 
of  teeth  so  reckoned  should  be  increased  by  one  or  two  over  the 
actual  number  under  one  pole,  to  allow  for  fringing,  such  allow- 
ance depending  upon  the  length  of  the  air-gap  and  flux  density  ia 
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the  teeth,  the   greater  allowance  being  employed  when  the  above 
factors  are  large. 

Teeth. — ^The  total  length  of  tooth  transversed  by  the  armature  flux 
is  equal  to  twice  the  depth  of  the  slot.  The  width  of  one  tooth  may 
be  taken  as  the  mean  width.  The  number  lying  under  one  pole- 
piece  may  be  taken  as  the  number  lying  within  the  polar  arc 
plus  one  or  two  extra  to  allow  for  fringing  as  previously  stated. 
The  magnetic  or  iron  area  of  one  tooth  is  its  mean  width  multi- 
plied by  its  effective  dimension  parallel  to  the  shaft  (which  is  the 
length  of  the  armature  core  minus  the  spaces  for  ventilation  ducts 
and  laminae  insulation).  There  is  still  another  very  important 
point  to  be  considered :  when  the  teeth  are  worked  at  a  flux  density 
of  15,500  Unes  per  square  centimeter  or  more,  part  of  the  useful 
flux  will  pass  into  the  core  by  way  of  the  slots,  because  these  offer 
a  path  in  parallel  whose  magnetic  permeance  is  comparable  with 
that  of  the  teeth.  It  follows,  therefore,  that  the  ampere-turns  for 
the  teeth  calculated  on  the  basis  that  they  carry  the  total  flux,  will 
be  in  excess  of  the  correct  amount  at  high  values  of  flux  density. 
It  is  therefore  necessary  to  determine  the  true  value  of  the  tooth- 
flux  density  before  the  A.-T.'s  can  be  correctly  determined. 

A  method  employed  by  S.  P.  Thompson  in  his  book  on  "  Design 
of  Dynamos"  is  as  follows: 
Let  Na  be  the  flux  from  one  pole; 

Ni  be  the  flux  actually  carried  by  the  teeth; 

Na 

B^  be  the  apparent  flux  density  in  the  teeth  =  ^    ^. — ~--r ; 

*  ^^  -^  effective  tooth  area 

Bt  be  the  real  flux  density  in  the  teeth; 

b  be  the  mean  width  of  a  tooth; 

S  be  the  mean  width  of  a  slot; 

/  be  the  effective  or  iron  length  of  armature  core; 

h  be  the  depth  of  a  slot; 

/  be  the  ratio  between  the  effective  and  the  total  lengths  of  the 

armature  core. 

Then 

Iron  section  of  one  tooth =W; 

..  .        r  ,  SI 

Air  section  of  one  slot      =  y . 

The  total  section  of  air-space  per  slot  forming  an  alternative 
path  in  parallel  for  the  flux  is  given  by  the  area  of  one  slot  plus  the 
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area  of  the  insulation  between  laminations  and  ventilation  ducts 
per  tooth,  or  section  of  air-space  per  tooth  and  slot  portion  is 

Now  the  flux  emanating  from  one  pole-piece  will  be  divided 
between  tooth  and  air-space  in  inverse  proportion  to  the  reluctance 
of  these  two. 

The  flux  in  the  air-space  is  the  difference  between  the  total 
armature  flux  Na  and  the  tooth  flux,  or  (Na—Nt). 

The  tooth  flux  Ntcx  j~;    where  /i  is  the  permeability  of  the 

toothed  parts  when  the  true  flux  is  Nt;  also 

l{S+b-bf) 


Flux  in  air-section  or  Nq—  Nt  a 


jh 


since  the  path  is  air  or  equivalent  to  it,  /t  =  1. 

Dividing  the  expression  for  Nt  by  that  for  Na—Ntf  we  have 


Nt    ^         fbfi 


or  reducing, 


Na-Nt^S+b-bf 

Nt  _  fbfi  Bt 

Na    S+b-^bj+bJii     B; 


since  the  flux  densities  are  proportional  to  the  total  fluxes. 

A  common  ratio  of  effective  or  iron  length  to  gross  length  for 
slotted  armatures  with  ventilating  ducts  is  .75.  Substituting  this 
value  of  /,  we  have 

Bt  .75bfi 


B^    S+.25b+.75bfi 

To  put  this  into  practical  shape,  determine  the  values  of  b  and  s^ 
also  of  5,,  and  solve  for  Bt  and  /x,  the  value  for  Bt  fixing  that  of  //, 
and  these  must  be  such  as  to  satisfy  the  equation.  Curves  may  then 
be  plotted  between  B^  and  Bt  for  the  assumed  values  of  b  and  s. 
A  set  of  three  such  curves  is  given  in  Fig.  125,  and  knowing  S,, 
Bt  can  be  found  on  the  curve.    If  /  has  a  value  differing  from  .75^ 
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a  new  set  of  curves  should  be  constructed  when  great  accuracy  is 
desired. 

While  bipolar  forms  of  field-magnets  are  still  extensively  em- 
ployed for  the  small  sizes  of  dynamos  and  motors  (up  to  5  H.P,), 
all  the  larger  sizes  are  now  made  multipolar;  hence  it  is  advisable 
to  consider  the  magnetic  calculations  of  such  a  machine. 

Let  Fig.  126  represent  a  part  of  a  modem  six-pole  machine, 
with  a  flux  of  12,500,000  lines  of  force  entering  or  leaving  the 
armature  at  each  field-pole.  A  reference  to  the  table  of  leakage 
coefficients  (page  319)  gives  a  figure  of  about  1.18  for  Y\  hence  the 
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flux  in  each  pole-piece  will  be  14,750,000  lines.    The  next  step  is 
to  determine  the  magnetic  areas,  flux  densities,  and  lengths. 

The  Yoke,  consisting  of  cast  steel,  is  44.5  by  15.25  centimeters, 
or  678  square  centimeters,  in  cross-section.  The  flux  passing  through 
the  yoke  from  a  south  pole  to  a  north  pole  is  only  one-half  of 
that  passing  through  the  poles,  since  there  are  two  parallel  paths; 

7  ^7^  nnn 
hence  the  flux  density  in  the  yoke  is        ^J^ —   or  10,850  lines. 

The  length  of  path  of  the  magnetic  lines  in  the  yoke  is  142  centi- 
meters by  measurement. 

Magnet  Cores. — ^These  consist  of  cast  steel  and  are  circular  in 
cross-section,  their  diameters  being  36.2  centimeters;  hence  the  area 

r       t.  .    ./>n^  .  J  ,.    ^      J    .     •    14,750,000 

of  each  is  1030  square  centmaeters  and  the  flux  desity  is  — Taoa — 
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or  14,300  lines.  The  length  of  magnetic  path  in  each  core  is  38.7 
centimeters. 

Polar  Shoes. — ^These  are  cast-steel  extensions  affixed  to  the 
magnet  cores  to  increase  the  air-gap  area.    The  mean  area  of  each 

1.      .    1  o^^  .•     .       u         ^      J      •.    •     14,750,000 

shoe  IS  1,274  square  centimeters,  hence  flux  density  is  — TotI — 

or  11,560  lines.    The  mean  length  of  magnetic  path  per  shoe  is 

6.9  centimeters. 

Air-Gap. — Since   the  design   under  discussion  is  of  the  slotted 

armature  type,  the  air-gap  area  is  an  average  of  the  areas  of  the 

polar  face  and  of  the  effective  tooth  surface  underneath  the  same. 

44.3 
Polar- face  area  is  76.33  X27rX  ^^X33,  or  1,966  square  centimeters. 

Effective    tooth    surface    is  as    follows: — ^The  armature   core  has 

220  teeth  about  its  circumference;    hence  under  each  pole  therj 

44.3 
are  220  X  o/,^   teeth,  or  with  fringing  correction  this  becomes  28 

teeth.  Now  each  tooth  is  .933  centimeter  on  top,  and  as  75  per 
cent  of  the  gross  length  of  the  armature  core  is  effective,  we  have 
area  of  teeth  below  polar  face  as  follows: — 

28(.933X36.2)  .  75,  or  708  square  centimeters. 

XT  ^     .       .  .   1,966+708     ,  ^^^ 

Hence  effective  air-gap  area  is ^ ^"^  1,337  square  centimeters; 

hence  the  flux  density  in  the  air-gap  is     ^^        —  =  9,350    Unes. 

The  length  of  magnetic  path  for  air-gap  is  .833  centimeter. 

Tseth, — ^The  mean  area  of  toothed  portion  is  the  mean  width  of 
a  tooth  multipUed  by  the  number  of  teeth  in  each  polar  arc,  multi- 
plied by  the  effective  length  of  the  core;   or  in  this  case 

933-f-  818 
'- Y X 28X  36.2X .75  =  660  square  centimeters. 

Apparent   flux   density = — ~R^a^ =  18,950  lines.   From  curve  5, 

Fig.  125,  an  apparent  flux  density  of  18,950  lines  is  equivalent  to 
a  true  flux  density  in  the  teeth  of  18,300  lines.  The  length  of 
magnetic  path  in  teeth  under  each  pole  is  4.1  centimeters. 
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Annature  Core. — ^Since  there  are  two  paths  connecting  N  and 
S  poles,  the  flux  through  section  of  armature  core  is  6,250,000  line. 
The  material  of  the  armature  core  is  sheet  steel,  and  its  gross  cross- 
section  is  36.2X23,  its  effective  section  is  36.2 X 23 X. 75  or  624 


square  centimeters;   hence  the  flux  density  is 


6,250,000 
624 


or  10,020. 


The  length  of  magnetic  path  in  the  armature  is  85.25  centimeters 
by  measurement. 

Tabulate  the  preceding  data  as  follows: — 


Part. 

Material. 

Effective  Area 
in  Sq.  Cm. 

Flux  Density 

per  Sq.  Cm. 

or  B. 

LenTth  of 
Path  in  Cm. 

Yoke 

Cast  steel 
Cast  steel 
Cast  steel 

Sheet  steel 
Sheet  steel 

678 

1030 

1274 

1344 

660 

624 

10850 
14300 
I1560 
9350 
18300 
10200 

142.00 

38.70 

6.90 

0.833 
4.10 

85   25 

Magnetic  core  (i) 

Magnetic  shoe  (i) 

Air-«aD  {\\ 

Set  of  teeth  ii\ 

Arrnaturer »  ,,,,,,,»,,.. 

By  reference  to  magnetization  curves.  Fig.  82,  the  ampere-turns 
per  centimeter  length  are  determined;  tabulate  results  as  follows: — 


Part. 

Flux  Density 

per  Sq.  Cm. 

or  B. 

Ampere-turns 
per  Cm. 
Len^h. 

Total  Length 
of  Path 
in  Cm. 

Ampere-turns 

for  Total 

Length  of 

Path. 

Yoke 

10850 
14300 
I1560 
9350 
18300 
10200 

6.2 

7438.0 

126.0 

2.2 

142.00 

77.40 

13.80 

1.67 

8.20 

85.25 

766. 

990. 

86. 

12411 . 

Magnetic  cores  (2) 

Magnetic  shoes  (2) 

Air-i?aDS  ^2^ 

Teeth  (2) 

1034. 
173- 

Armature  core 

Grand  total — ampere-turns  per  path  2 

4  or  B 

15460. 

The  lines  in  each  magnetic  path,  for  example  the  path  A ,  pass 

through  two  coils  so  that  the  MM  F,  of  one  acts  in  series  with  that 

15  149 
of  the  other.    Hence  each  coil  contains  —  '       =  7,575  ampere-turns, 

and  there  are  six  of  the  e  coiis  in  all. 
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Magnetic  Leakage. — ^The  determination  of  the  flux  in  d  fferent 
parts  of  the  magnetic  circuit  should  take  account  of  the  fact  that 
considerable  magnetic  leakage  occurs.  The  exact  predetermination 
of  the  amoimt  of  leakage  is  very  difficult.  The  principles  and 
methods  are  given  by  Professor  S.  P.  Thompson.* 

Experimental  determinations  of  magnetic  leakage  in  various 
forms  of  dynamo  have  been  made  by  Hopkinson,t  Ives, J  Puffer ,§ 
and  Frisbee  and  Stratton.1 

The  leakage  coefficient  v  is  the  ratio  of  total  flux  to  useful 
field ;  or,  in  other  words,  it  is  the  number  of  lines  in  the  field-mag- 
net divided  by  those  which  pass  through  the  armature.  There  is 
considerable  magnetic  leakage  from  the  field-cores,  as  well  as  from 
the  pole-pieces,  hence  the  flux  is  not  constant  throughout  the 
field-magnet.  Usually  the  maximum  flux  exists  in  the  middle  of 
each  field-coil,  but  often  the  measurement  is  made  at  the  middle 
of  the  yoke.  It  would  seem  best  either  to  take  the  average  flux 
in  the  field-magnet  in  calculating  2/,  or  to  find  the  actual  flux  in 
each  part. 

In  calculating  the  ampere  turns  required  for  the  field-magnet 
itself,  it  is  necessary  to  multiply  the  armature  flux  by  z/  in  order 
to  obtain  the  field  flux,  which  in  turn  determines  the  magnetic 
density  and  reluctance  in  that  part  of  the  circuit. 

The    following    table**   gives   the  value  of  the  coefficient  of 

TABLE  OF  LEAKAGE  COEFFICIENTS. 


Capacity  in  K.  W. 

Overtype 

Bipolar  Ironclad 

Multipolar 

1-5 

5-25 

25-100 

100-300 

300-1000 

1.22 

1.6 

1.45 

1.35 

1.3 
1.22 
1. 16 

1-5 
1.32 
1.28 
1.20 

I    10 

*  The  Electromagnet ^  London   and  New  York,    1891,  p.   178;  also,  »*  Design  of 
Dynamos,'*  London  and  New  York,  1903,  pp.  23-27. 
f  Phil.  Trans.  Roy.  Soc,  1886. 
%  Electrical  World  (^,  Y.).  vol.  xix.,  p.  11,  1892. 
§  Electrical  Review  (Lond.),  vol.  xxx  ,  p.  487,  1892. 
II  Electrical  IVorld  (N.  Y.),  Feb.  16,  1895. 
**  '*  Design  of  Dynamo,"  S.  P.  Thompson,  London  and  New  York,  1903,  p.  23. 
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leakage  for  various  sizes  and  types  of  machines,  the  leakage  being 
always  greater  with  the  smaller  sizes  of  machines,  cast-iron  magnets, 
or  smooth-core  armatures.  Any  pronounced  corners  or  projections 
on  the  frame  ar  likely  to  increase  the  leakage. 

Methods  of  Field-Winding.  —  Having  calculated  the  number  of 
ampere  turns  required  for  a  given  field-winding,  the  next  step 
is  to  determine  how  the  exciting  current  shall  be  obtained.  The 
accompanying  diagrams  represent  the  five  principal  methods  of 
winding  the  field-magnet,  RM.  being  the  field-magnet,  A  the 
armature,  and  E.  C,  the  external  circuit.  The  direction  of  the  cur- 
rents is  shown  in  each  case  by  arrows.  The  separately  excited 
machine  (Fig.  127)  must  be  supplied  with  the  necessary  field- 
current  from  some  independent  source.  This  usually  consists  of 
a  small  auxiliary  direct-current  dynamo,  whose  only  function  is  to 
furnish  field-current  to  one  or  more  machines.     An  alternating- 


E.G. 
■M — K     K     )(     K 


Fig,  127.    8€parat9iy^xoltBd  FMd,  Fig.  128.    SwUt-u/ound  FMd. 

current  generator  is  almost  necessarily  separately  excited,  its  own 
current  not  being  suitable  for  producing  the  field-magnetism. 
Self -exciting  alternators  have  been  made,  however,  but  they  really 
consist  of  a  small  direct-current  armature  incorporated  with  the 
main  armature.  Composite-wound  alternators  are  also  partially 
self-exciting,  as  explained  later.  Direct-current  dynamos  are  often 
separately  excited,  the  object  being  to  make  the  regulation  of  the 
field-current  more  independent  than  is  possible  with  a  self-exci- 
tation. But  this  extra  machine  would  not  be  ordinarily  desir- 
able except  for  several  large  generators  in  a  central  station. 

The  series-wound  machine  (Fig.  128)  is  the  simplest  possible 
connection  ;  since  the  armature,  field-coils,  and  line  are  all  in  series, 
and  form  a  single  circuit.  This  is  applied  almost  exclusively  to 
dynamos  for  series  arc-lighting,  in  which  the  current,  and  there- 
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fore  the  fiel  1-magnetism,  axe  approximately  constant.  Series- wound 
constant  potential  machines  arc  also  used  as  motors  for  railway 
and  other  purposes. 

In  the  plain  shunt- winding  (Fig.  129),  the  field-coils  consist  of 
many  turns  of  fine  wire,  as  indicated ;  and  only  a  small  fraction  of 
the  current  passes  through  them,  they  being  in  shunt  connection 
with  the  armature  and  external  circuit.  This  method  is  the  one 
most  generally  used,  being  applied  to  dynamos  for  constant  poten- 
tial lighting  and  power  distribution.  Formerly  it  was  used  almost 
universally  for  these  purposes,  but  compound  winding  is  taking 
its  place  both  for  light  and  power.  For  such  large  electric  lighting 
stations,  where  hand  regulation  is  required  constantly,  the  plain 
shunt  or  separately  excited  machine  is  still  generally  used.     Plain 


I*  M  SHUI4T 


8HUNT 


Fig.  129.  Fig.  130a.  Fig,  130^ 

Shunt-wound  FMa.  Compound-wound  Fieidt, 


shunt-winding  is  also  usual  for  constant  potential  motors.  The  two 
forms  of  compoimd  winding  (Figs.  130fl  and  130b)  only  differ 
in  detail,  and  are  practically  the  same  in  action.  They  consist  of 
shunt-coils  of  fine  wire,  as  in  the  plain  shunt-winding ;  but  they 
also  have  series-coils,  which  are  made  up  of  comparatively  few 
turns  of  heavy  wire  carrying  the  main  current  of  the  machine. 
The  direction  of  the  series  winding  is  such  that  it  augments  the 
magnetization  produced  by  the  shunt-coils,  so  that  the  greater 
the  current  drawn  from  the  machine,  the  stronger  the  field-mag- 
netism becomes.  By  properly  proportioning  the  series  and  shunt- 
winding,  a  compound  dynamo  may  be  made  to  preserve  practically 
constant  voltage  at  its  terminals ;  whereas  the  voltage  of  a  plain 
shunt  dynamo  tends  to  fall  considerably  with  increase  of  load. 
A  still  greater  number  of  turns  in  the  series-coils  causes  the 
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voltage  to  rise  when  the  load  is  increased,  thus  making  up  for 
the  drop  or  lost  pressure  on  the  circuits.  This  is  called  over- 
contponndingy  and  is  usually  designed  for  a  rise  of  6  to  10  per 
cent  in  voltage  from  no  load  to  full  load. 

The  series-coil  is  sometimes  arranged  to  oppose  the  magnetiz- 
ing effect  of  the  shunt-coils,  this  combination  forming  what  is 
called  differential  winding.  This  has  been  used  for  motors,  and 
is  also  applied  to  dynamos  which  run  at  very  variable  speed,  such 
as  those  driven  by  windmills.  In  the  latter  case,  the  effect  of  the 
series-coil  is  to  weaken  the  field  if  the  dynamo  runs  too  fast,  and 
tends  to  generate  an  excessive  E,M,F.  The  effects  of  these  dif- 
ferent kinds  of  field-winding  are  shown  by  what  are  known  as 
cliaracteristic  curves,  which  represent  the  relation  between  the 
E.M.F.  and  the  current  generated  by  the  machine.  The  magneti- 
zation curves  are  also  useful  in  showing  the  relation  between  the 
E.M.F.  and  the  ampere-turns  of  the  field-coils. 

Determination  of  the  Size  of  Wire  for  Field-Coils.  —  Having 
calculated  the  number  of  ampere  turns  required,  and  decided  upon 
the  method  of  winding,  the  next  step  is  to  find  the  proper  size  of 
wire  to  employ.  It  is  obvious  that  a  given  number  of  ampere 
turns  can  consist  of  a  great  many  turns  carrying  a  small  current, 
or  vice  versa;  and  in  some  cases  neither  the  turns  nor  the  amperes  . 
are  given  by  the  conditions  of  the  problem,  but  in  other  instances 
one  or  both  may  be  fixed. 

In  a  separately  excited  field-winding,  usually  the  EM.F,  of 
the  exciter  would  be  given,  and  the  selection  of  the  size  of  wire 
would  be  the  same  problem  as  for  a  shunt-winding.  If,  on  the 
contrary,  the  current  were  fixed,  then  the  solution  is  the  same 
as  for  series-winding. 

A  series-wound  machine  being  almost  invariably  fed  with  a 
definite  and  constant  current,  the  required  number  of  turns  is 
immediately  found  by  dividing  the  ampere-turns  by  the  given 
value  of  the  current.  The  size  of  wire  must  be  sufficient  to  carry 
this  current  without  overheating.  This  matter  of  heating  will  be 
taken  up  presently;  but  as  the  current  is  practically  always  10 
amperes  when  series  winding  is  used,  the  size  of  wire  has  been 
found  by  experience  to  be  between  ^^  and  \  inch  in  diameter; 
that  is,  No.  10,  9,  or  8  B.  &  S.  gauge,  depending  chiefly  upon 
the  depth  of  the  winding. 
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The  determination  of  the  best  size  of  wire  for  a  shunt-windings 
is  far  more  difficult.  The  quantities  which  should  be  known  are 
the  ampere  turns  required,  and  the  voltage  by  which  the  shunt- 
winding  is  supplied,  i.e.,  that  of  the  machine.  Various  methods 
have  been  given,  but  none  are  very  satisfactory.  One  of  the 
simplest  is  that  suggested  by  F.  B.  Corey,*  who  takes  the  resist- 
ance of  one  mil-foot  of  copper  wire  at  100**  F.  as  approximately  11 
ohms.  This  assumption  would  be  more  correct  for  98'  F. ;  and,, 
moreover,  the  allowable  rise  in  temperature  for  a  dynamo  is  45**  C.,, 
or  81°  F.,  above  that  of  the  atmosphere,  which  latter  we  may  take 
as  20°  C,  or  68°  F.  Hence  it  would  be  safer  to  assume  the  resist- 
ance 12.25  ohms  at  65°  C,  as  it  is  most  important  to  have  the 
machine  work  well  at  full  load.  This  change  will  therefore  be 
made  in  Mr.  Corey's  figures.     The  resistance  of  any  copper  con- 

ductor  at  65°  C.  is  therefore  R  =  1,7         .,    ,  in  which  L  is  the 

Circ.  mils 

length  of  the  wire  in  feet.     The  current  flowing  in  the  wire  is 

C  =         ^^\^r — ^^^'  "^ —  •     It  is  also  evident  that   the  ampere 
12.25  xi^ 

turns  in  any  winding  are  numerically  equal  to  the  amperes  that 
would  result  if  a  single  turn  of  wire  were  supposed  to  be  sub- 
jected to  the  given  voltage,  because  two  turns  would  have  twice 
the  resistance,  and  take  one-half  the  current,  and  so  on  for  any 
number.     Hence :  — 

Ampere  turns  =  Voltage  X  grc.  mils 
^  12.26  X  /  ' 

where  /  represents  the  mean  length  of  one  turn  in  feet.  By 
transposition  we  obtain  the  cross-section  of  the  wire  required  :  — 

Circ.  mils  =  Ampere  turns  X  12.25  X/^ 
Voltage 

In  applying  the  above  formula  to  a  shunt-winding  for  a  dynamo^ 
allowance  must  be  made  for  the  resistance  of  the  rheostat,  which 
is  put  in  the  shunt-circuit  to  regulate  the  E.M,F.  This  resist- 
ance will  consume  a  portion  of  the  voltage  amounting  to  from  10 
to  20  per  cent.  Therefore  the  voltage  substituted  in  the  formula 
should  be  10  to  20  per  cent  lower  than  the  E.M.R  of  the  machine. 

♦  "  A  Simple  Fonnula  for  Magnet  Winding,"  Electrical  Engineer  (N.V.),  Oct. 
10, 1894. 
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The  mean  length  of  a  turn  cannot  be  determined  exactly  in  the 
first  place;  but  it  can  be  approximated  closely,  as  windings  are 
1  to  2  inches  thick  for  small  machines  and  4  to  6  inches  for  large 
ones.  Usually  the  mean  length  of  a  turn  is  about  25  greater  than  the 
circimiference  of  the  core  itself.  A  certain  length  and  thickness 
coil  are  required  to  give  sufl&cient  surface  to  get  rid  of  the  heat,  as 
explained  later  in  the  present  chapter. 

A  more  elaborate  method  is  given  by  Mr.  Harrison  H.  Wood.* 
Methods  are  also  explained  in  most  of  the  works  on  the  d)aiamo. 

Construction  of  Field-Coils. — The  operation  of  winding  field- 
magnets  is  less  difficult  than  armature  vending;  the  mmiber  of  coils 
is  small,  the  connections  are  not  complicated,  and  the  coils  have  a 
cylindrical  or  other  simple  form.  The  cylindrical  form  is  preferable, 
as  already  explained. 

It  is  customary  to  wind  the  field-coils  on  a  form,  spool,  or  frame 
to  avoid  the  necessity  of  handling  the  magnet  itself.  This  also  greatly 
facilitates  renewing  the  coils  in  case  of  accident  or  change  in  voltage. 
Wooden  spools  are  sometimes  used,  but  they  are  likely  to  split  or 
chip  off. .  One  of  the  best  forms  consists  of  a  tube  of  tinned  iron  or 
brass  with  a  flange  at  each  end  against  which  disks  of  stout  fiber  or 
other  insulating  material  are  placed.  The  tube  is  also  covered  with 
two  or  more  layers  of  fiber  or  stout  paper,  as  the  cotton  covering  of 
the  wires  is  not  sufficient  to  prevent  "grounding"  of  the  coils.  The 
actual  winding  of  the  wire  is  a  simple  operation,  but  it  should  be 
done  carefully  and  systematically;  that  is,  as  nearly  as  possible  in  the 
form  of  a  perfect  helix.  The  time  saved  by  winding  in  a  haphazard 
fashion  is  poor  economy;  wires  being  much  more  likely  to  become 
short-circuited  if  they  cross  each  other  at  a  considerable  angle  than 
if  they  he  parallel,  because  they  cut  through  or  force  apart  the  cotton 
covering.  It  is  difficult  to  wind  fine  wire  in  a  perfect  helix;  but  even 
in  that  case  winding  may  advance  progressively,  and  should  not  skip 
back  and  forth.  In  some  cases,  especially  with  heavy  wires,  no 
spool  is  required,  the  coil  being  wound  upon  a  form,  from  which  it 
is  removed  and  completely  covered  with  a  wrapping  of  tape  to  hold 
it  together  and  protect  it,  the  whole  being  treated  with  varnish  or 
shellac. 

The  most  serious  trouble  in  field-winding  is  in  bringing  out  the 

*  Curves  for  T/Wnding  Magnets,"  Electrical  World,  April  27,  1896. 
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ends  of  the  wire.  If  the  inside  terminal  is  carried  through  a  hole 
in  one  end  of  the  spool,  it  is  likely  to  be  broken  by  blows  or  frequent 
bending,  become  short-circuited  by  pressing  against  the  adjacent 
wires,  or  become  grounded  upon  the  spool  or  magnet.  It  should 
tl.erefore  be  thoroughly  insulated  and  pro.ected  by  a  stout  tube  or 
a  wrapping  of  insulating- tape.  It  is  possible  to  bring  both  ends- 
of  the  wire  to  the  outside  by  making  a  turn  of  one  for  each  layer  of 
the  other.  The  same  result  is  accomplished  by  winding  the  coil  in 
halves,  the  two  inner  ends  being  connected  so  that  the  other  ends  are 
outside.    This  complicates  the  winding  and  wires  of  great  difference 


F\g.  181,    Brtmging  Out  Coll  TermlntUa, 


of  potential  may  be  brought  into  juxtaposition,  tending  to  break 
down  the  insulation.  Small  wires  must  never  be  brought  out  them- 
selves, but  should  have  terminals  of  flexible  cable  connected  to  them, 
the  latter  making  two  or  three  turns  around  the  spool  before  coming 
oiit.  A  common  and  reliable  mode  of  bringing  out  both  ends  of  a  coil, 
whether  of  larger  or  small  wire,  is  shown  in  Fig.  131.  Two  stout 
copper  strips  laid  between  insulating  disks  are  connected  respec- 
tively to  the  two  ends  of  the  coil. 

The  conductor  in  a  series  or  compound  winding  has  to  carry  the 

main  current.  Very  large  wires  being 
awkward  to  handle,  several  wires  in  par- 
allel may  therefore  be  employed  for  these 
heavy  currents,  or  ribbons  of  copper  are 
used  for  such  field-coils.  The  turns  are 
insulated  from  one  another  by  tape 
The  inside  end  is  led  out  by  folding 
it  at  right  angles;  or  both  ends  may  be  brought  to  the  outside  by 
folding  the  strip  in  the  middle,  as  represented  in  Fig.  132,  and 
winding  each  half  as  an  independent  spiral.    The  two  spirals  should 


Fig.  132, 

\\\  und  with  the  copper  strip 
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be  separated  by  a  little  space,  so  that  they  may  be  insulated  by  a 
sheet  of  fiber  or  mica. 

Dynamo  Bases. — ^In  most  cases  a  generator  is  provided  with  a 
cast-iron  base  or  bed-plate,  which  supports  the  field-magnet  and 
bearings.  It  consists  of  a  simple  box  of  cast  iron,  open  at  the 
bottom,  in  order  to  give  stiffness  without  great  weight.  On  this 
base  the  field-magnet  and  bearings  are  firmly  bolted,  and  it  should 
be  sufficiently  rigid  to  stand  any  reasonable  strain  without  the 
slightest  appreciable  bending. 

In  belt-connected  machines  the  iron  base  usually  rests  upon  a 
wooden  base- frame  bolted  to  the  foundations;  the  former  being 
arranged  to  slide  back  and  forth  on  rails  laid  upon  the  base-frame, 
in  order  to  regulate  the  belt-tension  by  means  of  screws.  A 
direct-connected  generator  of  small  or  medium  size  is  usually 
bolted  directly  to  the  same  cast-iron  base,  or  sub-base,  as  the 
engine.  In  some  cases  a  generator  and  engine  are  coupled  together, 
each  being  complete  in  itself  and  having  its  own  base.  Very  large 
direct-connected  generators  and  engines  may  be  set  on  separate 
foundations. 

Dynamo  Bearings  and  Pedestals.^These  are  simple  mechanical 
constructions  of  ordinary  form.     The  only  peculiarities  are  their 

length,  ordinarily  four  to  six  times  the  diameter  of  the  shaft,  on 

account  of  the  high  speed,  and  the  fact  that  almost  all  generators 

as  well  as  motors  are  provided  with 

bearings   which   are   self-oiling   by 

means  of  rings  or  other  devices,  as 

shown  in  Fig.  133.    The  bearings 

are    often    made    self-aUgning    by 

providing  the  bearing  proper  with 

an    enlarged     central    portion    of 

spherical  shape  (Fig.  133),  held  in 

a    spherical    seat    formed    in    the 

pedestal  by  turning,  milhng,  or  by 

casting    Babbitt    or    other    fusible 

metal  around  it,  thus  allowing  the 

'  °  Fig,  133.    Self-Oiling  Bearing. 

bearing    to    adjust    itself    to    the 

exact  direction  of  the  shaft.  The  upper  half  of  the  box  can  be 
taken  off  to  facilitate  renewal,  etc.,  and  to  permit  the  armature  to 
be  removed. 
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The  rings  shown  in  the  self-oiling  bearing  revolve  with  the 
shaft,  and  feed  the  latter  with  oil  continually,  which  they  bring 
up  from  the  reservoir  below.  The  dirt  settles  to  the  bottom;  and 
the  upper  portion  of  the  oil  remains  suflSciently  clean  for  a  long 
lime,  after  which  it  is  drawn  off,  and  a  fresh  supply  poured  in 
through  holes  provided  in  the  top.  These  latter  are  often  located 
directly  over  the  slots  in  which  the  rings  are  placed,  so  that  the 
bearings  can  be  lubricated  immediately  by  means  of  an  oil-cup  if 
the  rings  fail  to  act  or  the  reservoir  becomes  exhausted. 

Length  of  Journals. — In  order  to  insure  durability  and  proper 
operation,  it  is  necessary  in  all  high-speed  machinery  to  make  the 
journals  of  considerable  length  as  compared  with  their  diameter. 
The  following  table  gives  the  ratio  existing  between  journal 
diameters  and  lengths  as  employed  in  general  practice:* 


R.I>.m. 

xoo 

aoo 

300 

400 

Soo 

700 

900 

r.ioo 

Length  ^ 
Diameter 

Z 

2 

2-5     1      3     • 

3.25 

3-5 

3.75 

4.0 

Bearing  Friction. — ^The  losses  due  to  bearing  friction  may  vary 
from  2  per  cent  in  small  (50  kilowatts  or  less)  sizes  to  less  than 
\  per  cent  in  the  case  of  very  large  machines  (1,000  kilowatts  or 
over).    The  rate  at  which  heat  is  generated  in  the  bearings  is 


H.P.  =  ; 


:;  where  /  is  the  coefficient  of  friction,  P  the  load 


12X33,000' 

in  pounds  on  the  bearing  under  consideration,  S  the  speed  in  r.^.m., 
and  d  the  diameter  of  the  journal  in  inches,  or,  expressed  in  watts, 

tr= — T^Q~ »  /  varies  from  .04  to  .1,  depending  upon  the  con- 
ditions of  bearing  surface. 

Calculation  of  Heating  Effects  in  Field-Coils  and  Armatures.— 
The  design  of  a  dynamo  involves  the  predetermination  of  the 
temperature  to  which  the  various  parts  will  be  raised.  This  can 
only  be  approximate,  as  it  depends  upon  many  conditions,  such 
as  the  location  of  the  machine,  temperature  and  humidity  of  the 
atmosphere,  etc.;  but  it  should  be  determined  as  closely  as  pos- 
sible.   The  rate  at  which  heat  is  produced  in  the  field-coils  is  a 


*  Tht  Dynamo,  Hawkins  &  Wallis,  London,  1903,  pp.  324-328. 
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perfectly  definite  quantity,  being  equivalent  to  C^R  vAatts.  This 
heat  will  cause  the  temperature  of  the  coils  to  rise  until  the  rate 
at  which  it  is  lost  is  equal  to  the  rate  of  its  production,  when  the 
temperature  becomes  stationary.  Unfortunately,  the  rate  at  which 
the  heat  is  lost  cannot  be  accurately  calculated,  being  dissipated 
by  radiation,  convection,  and  conduction,  no  one  of  which  can  be 
exactly  determined. 

Experience  has  shown  that  a  certain  rise  in  temperature  is 
allowable,  this  being  usually  put  at  40°  or  45°  C.  (72°  or  81°  F.) 
above  the  temperature  of  the  surrounding  air.*  Tests  have  also 
demonstrated  that  this  rise  in  temperature  is  not  usually  exceeded 
if  a  certain  surface  of  coil  is  allowed  for  each  watt  converted  into 
heat.  This  depends  upon  the  form,  position,  and  character  of 
the  surface.  Furthermore,  authorities  differ  in  regard  to  what 
surface  should  be  considered.  In  some  cases  only  the  external 
cylindrical  surface  of  the  coil  itself  is  counted,  in  other  calcula- 
tions the  end  flanges  of  the  coils  are  also  included.  As  it  is  a  fact 
that  the  internal  surface  against  the  core  usually  dissipates  heat 
even  more  rapidly  than  the  external  surface,!  the  former  should  be 
included  and  the  total  surface  considered.  On  this  basis  from 
1  to  2  square  inches  of  surface  are  required  per  watt  lost  in  order 
to  Umit  the  temperature  rise  to  45°  C. 

The  objectionable  effects  produced  by  heat  in  the  field-  or  armature- 
coils  are:  First,  danger  of  damaging  or  actually  burning  the  insula- 
tion. Second,  interference  with  the  regulation  of  the  machine; 
because  the  resistance  increases  .4  per  cent  for  each  1°  C.  rise  in 
temperature,  which  would  have  the  effect  of  considerably  reducing 
the  field-strength  of  a  shunt  djmamo.  Third,  this  rise  in  resistance 
increases  the  loss  of  energy  due  to  the  C^R  effect  in  all  the  con- 
ductors, and  thereby  lowers  the  efficiency.  Fourth,  expansion  due 
to  the  heat  might  cause  trouble  in  the  bearings  or  other  parts  of 
the  machine. 

The  calculation  of  the  annature  temperature  is  even  more  diffi- 
cult than  that  of  the  field,  more  factors  being  involved.  Heat  is 
produced  not  only  by  the  C^R  effect  in  the  armature  conductors, 

*  Standardization  Report,  Trans,  Amer,  Inst.  Eiec.  Eng.y  vol.  xix.  (1902),  pages 
1075-1001.  Given  in  full  as  an  appendix  in  Vol.  II.  See  also  under  Heating  in 
Chapter  XIX  of  the  present  volume. 

t  EleaHcal  World,  July  13,  1901,  p.  56. 
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but  ako  by  eddy  currents  and  hysteresis  in  the  armature  core. 
Heat  generated  in  the  commutator  and  bearings  may  also  produce 
considerable  effect.  The  following  expression  gives  the  loss  due 
to  eddy  currents  in  laminated  armature  cores: — 

Watts  lost  per  cubic  inch  =  40.64Xn^BVX  10"", 

in  which  n  is  the  frequency  or  number  of  pairs  of  poles  passed  per 
second,  B  is  the  flux  density  in  lines  per  square  inch,  and  /  is  the 
thickness  of  the  plates  in  inches.  The  eddy-current  loss  is  propor- 
tional to  the  squares  of  the  speed,  flux  density,  and  the  thickness 
of  a  plate,  as  shown  in  the  formula. 

The  calculation  of  hysteresis  has  been  considered  in  the  begin- 
ning of  this  chapter.  Knowing  the  flux  density  in  the  armature  core, 
reference  to  the  curve  ih  Fig.  83  gives  the  loss  in  watts  per  cubic 
inch.  This  constant  multiplied  by  the  number  of  cubic  inches  of 
iron  in  the  armature  core  is  the  loss  per  cycle.  Finally,  multiplying 
by  the  frequency  gives  the  hysteresis  loss  in  watts. 

Eddy  currents  and  hysteresis  are  best  determined  by  actual  test 
of  the  completed  machine,  their  combined  effects  being  called  core 
losses.  They  can  be  separated,  however,  by  running  the  armature 
at  two  different  speeds;  eddy  currents  being  proportional  to  the 
square,  and  hysteresis  to  the  first  power  of  the  speed.  If  Wi  is 
the  loss  due  to  both  at  the  speed  S^  and  W^  at  the  speed  5j,  x  the 
hysteresis,  and  y  the  eddy-current  loss  at  speed  5i,  then, — 


Wi^x-\-y    and    W. 


=I"+(D'^' 


from  which,  by  eliminating  x,  we  have 

y=_2 — ^ and        rc=TFi— y. 

It  is  customary  to  allow  a  certain  surface  per  watt  lost  in  the  arma- 
ture. The  dissipation  of  heat  is  dependent  upon  the  size  and  form 
of  the  armature,  the  ventilating  effect  due  to  speed,  and  other  practical 
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conditions.  The  temperature  rise  d^  in  degrees  centigrade  of  ah 
armature  in  which  W ^  total  watts  (iron  and  copper  losses)  are  being 
wasted,  can  be  estimated  by  the  formula 


in  which  A  is  the  cooling  surface  of  the  armature,  the  internal 
surfaces  being  often  omitted,  and  v  is  the  peripheral  velocity  in  feet 
per  minute.  In  most  machines  the  constant  a  is  between  50  for 
well-ventilated  armatures,  and  90  for  those  with  less  ventilation. 
Similarly  the  constant  b  varies  from  .0008  to  .0004. 

Heating  and  its  effects,  when  due  to  some  defect  or  accident, 
are  considered  under  Diseases  of  Dynamos,  Chapter  XIX. 

The  rough  rule  that  wires  for  field  winding  should  have  a 
cross-section  of  about  1,200  circular  mils  per  ampere  for  small 
machines,  1,500  to  2,000  for  large  ones,  and  armature  conductors 
600  to  900,  is  usually  approximately  correct,  providing  the  thick- 
ness of  winding  is  moderate.  It  serves  at  least  as  a  guide  until  the 
more  exact  size  can  be  determined  by  the  methods  given  above, 
in  which  the  surface  is  considered. 

Armature  Reaction. — The  principles  of  the  magnetic  circuit  and 
the  method  of  calculating  the  ampere-turns  required  to  produce 
the  necessary  flux  have  been  given,  but  the  effect  of  the  field-magnet 
alone  was  considered.  When  an  electric  generator  is  doing  work,, 
the  total  current  flows  through  its  armature  coils,  setting  up  a  MM.F^ 
in  addition  to  that  of  the  field  and  tending  to  produce  a  correspond- 
ing flux.  This  phenomenon  is  called  armature  reaction  and  plays 
an  important  part  in  the  action  of  the  machine. 

The  conditions  are  shown  diagramatically  in  Figs.  134  and  137, 
which  represent  an  armature  ^  of  a  dynamo  and  a  field-magnet  of 
horseshoe  form,  but  only  the  pole-pieces  5,  iV,  and  the  two  field 
coils  BB  and  CC  are  illustrated.  The  field  and  armature  wind- 
ings are  indicated  in  section  by  circles,  being  marked  -f  when  the 
current  flows  toward  the  observer,  —  when  it  flows  away  from  him, 
and  left  blank  when  carrying  no  current.  In  Fig.  134  the  field  is 
supposed  to  be  separately  excited  to  full  strength  and  there  is  no 
current  in  the  armature.  The  flux  represented  by  dotted  lines  is 
in  this    case   quite  uniformly  distributed  in  the  pole-pieces,   air- 
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gaps,  and  armature  core.  If,  now,  the  field-circuit  be  opened  and 
a  current  be  supplied  to  the  armature  equal  to  that  generated  by 
it  at  rated  load,  a  MM.F.  will  be  set  up  and  a  flux  produced  as 
indicated  by  dotted  lines  in  Fig.  135.  This  armature  M.M.F.  and 
flux  are  at  right  angles  to  those  due  to  the  field,  because  the  current 
enters  and  leaves  the  armature  at  the  points  N'  and  5'  midway 
between  the  pole-tips.  The  result  is  that  current  flows  toward  the 
observer  in  all  of  the  left-hand  half  of  the  armature  and  the  other 
way  in  the  right  half,  tending  to  produce  a  north  pole  at  iV'  and  a 
south  pole  at  5'.    In  fact  these  poles  actually  exist  and  manifest 
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Fig,  136.    Flux  Du9  to  Fhid  and  Armatun. 
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Fig.  137,    Back  and  Croaw  Ampere-Turn^. 


themselves  strongly  when  tested  with  a  magnetic  needle  or  a  piece 
of  iron,  the  field  circuit  being  open  as  stated. 

When  a  dynamo  is  generating  current  the  field  M.M.F.  and 
armature  M.M.F.  both  exist  at  the  same  time  and  a  resultant  flux 
is  produced,  as  represented  in  Fig.  136.  This  flux  is  distorted  in 
two  respects:  first,  it  is  obhque,  and  second,  it  is  crowded  together 
at  one  of  the  5  pole-tips  and  at  the  opposite  N  pole-tip.    Such 


CONSTRUCTION  OF  DYNAMO-ELECTRIC  MACHINES,    331 

distortion  results  naturally  if  the  magnetic  conditions  in  the  two 
preceding  cases  are  combined.  The  crowding  of  the  lines  at  two 
of  the  four  pole-tips  may  be  simply  explained  by  considering  that 
there  is  a  strong  magnetic  attraction  between  the  field  pole  5  and 
the  armature  pole  iV',  also  between  N  and  5',  so  that  the  lines  are 
most  dense  at  these  points.  Conversely  they  are  scattered  between 
N  and  N'  and  between  S  and  5',  because  there  is  repulsion  with 
like  poles.  Stated  more  scientifically,  the  magnetic  difference  of 
potential  and  the  flux  density  are  greater  between  S  and  N'  than 
between  5  and  5'. 

The  obhquity  of  the  flux  resulting  from  armature  reaction 
requires  the  brushes  to  be  shifted  in  order  that  they  shall  be  at  the 
neutral  points.  Assuming  that  the  proper  position  for  the  brushes 
is  at  right  angles  to  the  general  direction  of  the  Unes  of  force,  as  is 
the  case  for  a  Gramme  ring,  then  they  should  be  placed  in  a  vertical 
line  passing  through  the  center  of  the  armature  in  Fig.  134,  the 
flux  being  horizontal  with  no'  current  in  the  annature.  When  the 
armature  current  flows  and  the  flux  becomes  oblique,  as  explained 
in  connection  with  Fig.  136,  the  Une  through  the  brush  contacts, 
called  the  line  of  commutatiany  should  be  shifted  until  it  is  practi- 
cally perpendicular  to  the  flux. 

These  relations  are  shown  by  vectors  in  Fig.  137a,  the  line  OF 


Fig.  187tL    Magmtia  R^iationg  in  Armatun. 


representing  in  value  and  direction  the  M.M.F.  due  to  the  field 
magnet  and  the  line  OA'  the  armature  M.M.F.  with  the  brushes 
in  a  vertical  position.  In  this  case  OR  is  the  resultant  M.M.F.^ 
and,  the  flux  produced  being  parallel  to  it,  the  brushes  should  be 
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shifted  to  the  line  OA"  perpendicular  to  OB!.  The  armature 
component  of  M.M.F.  also  shifts  to  this  direction,  but  its  mag- 
nitude 0-4"  is  unchanged  because  the  ampere-turns  remain  the 
same.  This  will  produce  a  new  resultant  0K\  and  the  brushes 
should  be  further  shifted  until  the  line  of  commutation  OA  is  ap- 
proximately perpendicular  to  OR,  the  final  resultant  M.M.F.  These 
conditions  are  also  represented  in  Fig.  137,  OF  bemg  the  field 
M.M.F.  and  OA  the  armature  M.M.F.  with  the  brushes  shifted. 
The  M.M.F.  resultant  is  OR  and  the  main  line  of  flux  PQ  is  an 
extension  of  it. 

Cross  and  Back  Ampere-Turns. — It  will  be  noted  in  Figs.  137 
and  137a  that  the  M.M.F.  resultant  OR  not  only  differs  from  OF, 
the  field  M.M.F.,  in  direction,  but  is  also  considerably  less  in  mag- 
nitude, because  of  the  opposing  effect  of  0-4,  the  armature  M.M.F. 
The  latter  may  be  resolved  into  two  components,  one  of  which,  05, 
directly  opposes  the  field  M.M.F.,  and  the  other  being  at  right 
angles  merely  distorts  the  flux.  The  armature  conductors  are  divided 
in  two  parts  by  the  line  of  commutation  LK,  one  half  carr}'- 
ing  current  toward,  and  the  other  half  away  from,  the  obsen^er. 
Another  line  DE  is  drawn  through  the  armature  center,  making  an 
angle  with  the  perpendicular  equal  to  that  made  by  LK.  Two 
vertical  lines  GI  and  HJ  are  drawn  through  the  intersections  of 
DE  and  LK  with  the  armature  periphery.  Considering  only  the 
conductors  included  between  these  vertical  lines,  it  is  seen  that 
they  form  a  magnetizing  coil  directly  opposed  to  the  field  coils  BB 
and  CC;  consequently  they  are  called  back  ampere-turns,  and 
the  flux  obtained  is  due  to  the  difference  between  the  field  ampere- 
turns  and  these  back  ampere-turns.  The  other  conductors  to 
the  left  of  GI  and  to  the  right  of  HJ  constitute  a  coil  whose  M.M.F, 
is  at  right  angles  to  that  of  the  field  and  back  ampere-turns,  and 
for  that  reason  are  called  cross  ampere-turns.  Their  effect  is  to 
distort  the  flux  and  alter  its  direction,  as  already  explained.  Com- 
paring Figs.  137  and  137a,  it  is  evident  that  the  back  ampere- 
turns  between  the  lines  GI  and  HJ  in  the  former  are  proportional  to 
and  may  be  represented  by  OB,  the  counter  M.M.F.  in  the  latter; 
similarly  the  cross  ampere-turns  outside  of  GI  and  HJ  may  be 
represented  by  OC,  the  cross  M.M.F.  In  most  machines  the  back 
ampere-tums  are  from  20  to  35  per  cent  of  the  total  ampere-turns 
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on  the  armature,  the  remainder  being  cross  ampere-turns.  Hence 
it  is  necessary  to  increase  the  field  ampere-turns  by  the  amount  of 
these  back  ampere-turns. 

The  actual  polarity  of  the  field  magnet  and  of  the  armature 
may  be  ascertained  by  the  ordinary  rule  that  the  direction  of  the^ 
current  is  counter-clockwise  when  the  north  pole  of  a  magnet  is 
turned  toward  the  observer.  The  relative  polarity  in  all  cases 
is  easily  determined,  the  poles  of  a  generator  armature  being  near 
the  tips  of  the  pole-pieces  toward  which  it  is  revolving,  and  each 
armature  pole  has  the  same  sign  as  that  of  the  neighboring  field 
pole.  The  latter  fact  is  evident  when  it  is  considered  that  in  the 
case  of  a  generator  the  rotation  of  its  armature  is  resisted  by  mag- 
netic repulsion.  On  the  other  hand,  the  repulsion  tends  to  make 
the  armature  of  a  motor  revolve,  the  poles  of  the  armature  being 
near  the  pole-tips  away  from  which  it  is  turning  and  having  similar 
polarity.  There  is  also  magnetic  attraction  existing  between  the 
armature  poles  and  the  other  pole-tips  which  opposes  the  rotation 
in  a  generator  and  assists  it  in  a  motor.  This  is  not  given  as  the 
best  way  to  regard  the  action  of  these  machines,  but  it  serves  to 
determine  the  position  of  and  relation  between  the  magnetic  poles 
of  the  armature  and  field.  It  is  more  correct  to  consider  the  nega- 
tive torque  or  opposition  to  rotation  of  a  generator  and  the  posi- 
tive torque  of  a  motor  as  being  due  simply  to  the  force  exerted 
between  a  magnetic  field  and  an  electric  current,  so  that  the  polarity 
developed  may  be  regarded  as  incidental. 

The  Principles  upon  which  Sparking  Depends. — The  most  im- 
portant precaution  in  regard  to  direct-current  generators  or  motors 
is  the  avoidance  of  sparking  at  the  commutator.  There  is  no  trouble 
in  preventing  sparking  so  long  as  a  machine  is  lightly  loaded;  but 
as  soon  as  the  current  approaches  its  full  value,  the  tendency  to 
sparking  increases,  and  to  avoid  it  certain  conditions  are  required 
in  the  design  of  the  machine.  There  are  also  many  causes  of  spark- 
ing, due  to  some  defect,  or  to  improper  working  of  the  machine; 
but  these  will  be  considered  under  Diseases  of  Dynamos,  Chapter 
XIX,  confining  our  attention  for  the  present  to  those  actions  which 
depend  upon  the  original  design. 

Fig.  138  represents  a  portion  of  a  ring  armature  at  the  instant 
when  the  -|- brush  B  is  touching  the  two  conmiutator-bars  1  and 
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Fig.  138. 
Princtpi€9  upon  which  Sparkling  Depends, 


The  cofl  F  is  now  short-circuited  and  the  currents  from  the 

two  sides  of  the  armature  flow 
out  from  the  coils  E  and  G  into 
the  brush  B,  as  represented  by  the 
two  solid  arrows.  The  next 
moment  the  commutator-bar  2 
will  leave  the  brush  B;  and  the 
current  will  then  be  obliged  to 
pass  through  the  coil  F,  as  indi- 
cated by  the  clotted  arrows.  It 
will  require  a  certain  time  for 
this  current  to  establish  itself  in 
the  coil  F,  due  to  the  self-induc- 
tion of  the  latter;  and  during  that 
time  an  arc  will  be  formed  be- 
tween the  brush  B  and  the  bar  2 
by  that  portion  of  the  current  which  does  not  pass  through  the  coil  F. 
This  tendency  to  sparking  being  caused  by  the  self-induction  of  the 
coil,  each  section  should  have  as  few  turns  as  possible.  To  obtain 
a  high  EM.F.y  however,  the  total  number  of  turns  of  wire  must  be 
large;  and  it  is  not  practicable  to  have  more  than  a  certain  number 
of  commutator-bars  and  sections  of  winding. 

Fortunately  the  sparking  can  be  avoided  by  the  action  of  the 
machine  itself.  If  the  position  of  the  brush  B  is  such  that  the  coil 
F  is  just  coming  under  the  influence  of  the  pole-piece  5,  then  a  certain 
small  F.Af.F. will  be  generated  in  it,  and  a  current  will  flow  through 
it,  because  it  is  short-circuited  by  the  hfush,  as  represented.  The 
direction  of  this  current  will  be  that  indicated  by  the  dotted  arrows; 
and  if  its  value  is  equal  to  the  current  in  the  coil  G,  there  will  be 
no  self-inductive  effect,  or  tendency  to  sparking,  when  it  is  intro- 
duced into  the  circuit  by  the  commutator-bar  2  passing  from  under 
the  brush,  since  there  is  no  change  in  the  electromagnetic  conditions* 
To  avoid  sparking,  therefore,  the  small  F.M.F. -generated  in  the 
coil  F  should  be  just  sufficient  to  produce  the  proper  "current  for 
reversal"  through  its  comparatively  low  resistance.  This  result  is 
secured  by  shifting  the  brush  forward  (i.e.,  in  the  direction  of  rota- 
tion) until  the  short-circuited  coil  is  brought  under  what  is  called 
the  ** fringe"  of  lines  of  force  issuing  from  the  edge  of  the  pole-piece. 
A  precisely  corresponding  action  takes  place  at  the  other  brushi 
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or  brushes,  of  a  bipolar  or  multipolar  machine.  The  reason  for 
shifting  the  brush  forward  is  apparent  when  it  is  considered  that 
the  current  generated  in  the  short-circuited  coil  must  be  in  the  same 
direction  as  that  in  the  coils  ahead  of  it,  because  it  is  about  to  be 
thrown  into  circuit  with  them.  In  a  motor  the  brushes  are  shifted 
backward  because  the  armature  current  is  reversed  with  respect  to 
that  of  a  generator  having  the  same  direction  of  field  magnetism. 
It  appears,  therefore,  that  the  shifting  of  the  brushes  to  obtain  cur- 
rent for  reversal  is  in  addition  to  that  demanded  by  armature  reac- 
tion. In  other  words,  the  positive  angle  of  lead  in  a  generator  and 
the  negative  lead  in  a  motor  correspond  to  the  sum  of  the  two 
effects  in  order  to  have  minimum  sparking. 

It  is  evident  that  when  the  armature  current  is  increased,  the 
current  for  reversal  must  increase  to  the  same  extent,  and  the  brushes 
should  be  shifted  still  farther  forward  in  a  generator.  It  has  been 
explained  under  the  head  of  armature  reaction  that  the  neutral 
points  also  move  forward  with  increase  of  armature  current,  which 
would  be  another  reason  for  shifting  the  brushes  with  variations 
in  load.  This  is  so  objectionable,  however,  that  commercial  ma- 
chines are  carefully  designed  to  avoid  it:  by  limiting  the  self-induc- 
tion of  the  armature  sections;  by  making  the  field  MM,F,  strong 
compared  with  that  of  the  armature;  and  by  the  use  of  carbon 
brushes  which  secure  "forced  commutation,"  their  high  resistiv- 
ity having  the  effect  of  gradually  introducing  current  into  the 
short-circuited  coil,  as  explained  under  the  head  of  carbon  brushes. 
Self-induction  of  the  armature  coils  is  reduced  by  making  the  slots 
wide  compared  with  their  depth,  by  placing  few  turns  in  a  slot,  and 
by  arranging  them  so  that  their  mutual  induction  tends  to  decrease 
the  sparking. 

It  is  obvious  from  Fig.  137a  that  the  angle  ROF,  through  which 
the  flux  is  distorted,  is  equal  to  the  angle  A'OA^  through  which  the 
brushes  are  shifted,  and  that  both  of  them  may  be  reduced  by  mak- 
ing OF  the  field  MM.F,  large  with  respect  to  OA  the  armature 
M.M.F.  In  this  way  we  obtain  what  is  called  a  ** stiff  field,"  that 
is  strong  enough  to  prevent  armature  reaction  from  having  too  much 
effect.  It  is  possible  thus  to  design  machines  with  little  or  no  spark- 
ing, even  when  greatly  overloaded,  but  the  cost  of  the  field  magnet 
would  be  excessive.  In  practice  a  compromise  is  usually  adopted;  the 
field  MM.F.  at  the  air-gaps  being  made  10  to  30  per  cent  greater 
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than  the  armature  MM.F,*  It  is  evident  that  only  the  portion  of 
the  field  MM.F,  at  the  air-gaps  is  effective  in  controlling  armature 
reaction,  the  rest  being  used  up  in  overcoming  the  reluctance  of  the 
iron  parts  of  the  magnetic  circuit.  Hence  the  component  OF  in 
Figs.  137  and  137a  represents  this  effective  MM.F,,  and  its  value 
is  equal  to  the  total  field  M.M.F.,  less  the  amounts  required  for  the 
field  magnet  and  the  armature  core.  Usually  the  air-gap  M.M.F. 
is  from  75  to  85  per  cent  of  the  total  MM.F.  of  the  field  winding. 
Consequently  the  ampere-turns  on  the  armature  in  most  cases 
should  not  be  more  than  50  to  75  per  cent  of  those  on  the  field. 

This  limitation  may  be  expressed  in  another  way,  by  stating 
that  the  flux  density  in  the  air-gap  should  be  about  100  times  the 
ampere-turns  per  inch  of  armature  periphery.  Usually  the  former 
is  40,000  to  60,000  lines  per  square  inch,  so  that  the  latter  should 
not  ordinarily  exceed  400  to  600  ampere-turns,  otherwise  the  arma- 
ture current  is  Ukely  to  distort  and  weaken  the  flux  excessively^ 
thus  producing  sparking  at  the  brushes. 

Various  special  methods  have  been  devised  to  compensate  for 
armature  reaction,  such  as  that  developed  by  Professor  H.  J.  Ryan,t 
which  consists  in  providing  the  machine  with  "balancing  coils"  that 
have  the  same  number  of  turns,  and  carry  the  same  current,  as  the 
armature  conductors,  but  are  opposite  in  their  magnetizing  effect,, 
thus  neutralizing  the  armature  reaction.  This  and  other  devices, 
such  as  auxiliary  reversing  magnets  and  the  Sayers  winding,  are 
treated  by  Professor  D.  C.  Jackson  in  his  Text-Book  on  Electromag- 
neiism  and  the  Construction  of  Dynamos.  The  use  of  carbon 
brushes  reduces  the  tendency  to  sparking,  by  gradually  starting  the 
current  in  the  short-circuited  coil,  owing  to  the  considerable  resis- 
tivity of  the  brush,  as  already  explained  under  the  head  of  carbon 
brushes. 

Methods  of  Regulating  Dynamos. — ^The  EM.F.  of  a  shunt  or 
a  separately  excited  generator  can  be  very  perfectly  and  conve- 
niently governed  by  inserting  a  rheostat  or  variable  resistance  in 
circuit  with  the  field  winding.  By  increasing  or  decreasing  this 
resistance  the  field-current,  and  therefore  the  E.M.F.,  are  reduced 
or  raised.  This  resistance  is  usually  controlled  by  hand;  but  it  i& 
also  operated  automatically  by  electromagnetic  devices  which  keepv 

*  Electric  Generators,  by  Parshall  and  Hobart,  p.  117. 

t  "A  Method  for  Preventing  Armature  Reaction,"  Trans,  Amer,  Inst.  Eiec^ 
Eng.f  vol.  zii.,  March,  1895;  also  Electrical  Engineer,  Dec.  25,  1895. 
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the  voltage  approximately  constant  in  spite  of  variations  in  load, 
temperature  of  shunt  winding,  etc.     (See  Vol.  II,  p.  57.) 

The  shunt  coils  of  a  compound-wound  dynamo  are  regulated 
in  the  same  manner  as  in  a  plain  shunt  machine.  The  series  coils 
act  automatically  to  increase  slightly  the  flux  and  EM.F,  in  pro? 
portion  to  the  load  or  current. 

The  current  of  the  constant-current  dynamos  used  in  series 
arc  lighting  is  governed  by  special  regulators  adapted  to  each  par- 
ticular type,  being  described  in  Chapter  XVIII. 

An  interesting  method  of  regulating  a  constant-current  dynamo 
consists  in  driving  it  by  a  steam-engine  having  no  speed-governor. 
If  the  steam  pressure  and  current  generated  by  the  dynamo  are 
properly  adjusted  to  each  other  in  the  first  place,  then  the  current 
will  be  kept  constant  so  long  as  the  steam  pressure  does  not  vary, 
for  the  reason  that  any  increase  in  current  will  cause  a  slowing 
down  of  the  engine,  and  vice  versa.  The  combination  of  the  two 
machines  is  therefore  self-regulating,  and  the  engine-governor  as 
well  as  the  dynamo-regulator  are  both  eliminated. 

The  general  subject  of  direct  and  alternating-current  regulation, 
including  special  devices  such  as  boosters,  is  fully  treated  in  Volume 
II  under  Electrical  Distribution,  where  it  naturally  belongs. 

The  Insulation  Resistance  of  Armature  and  Field  Windings. — 
The  current  carried  by  the  armature  or  field  conductors  should 
never  be  allowed  to  pass  into  the  cores,  not  only  because  of  loss 
of  energy,  but  to  avoid  the  complete  breaking  down  of  the  insula- 
tion, which  would  be  almost  certain  to  occur  if  a  leak  is  allowed 
to  exist.  In  the  case  of  high-tension  machines  it  is  imperative  to 
have  the  conductors  perfectly  insulated  from  the  frame  of  the 
machine,  to  avoid  the  danger  of  shock  to  those  who  tend  it.  There- 
fore, a  certain  minimum  insulation  resistance  should  be  maintained 
between  the  conductors  and  the  cores  or  frame.  The  insulation 
resistance  tests  should,  if  possible,  be  made  at  the  pressure  for  which 
the  apparatus  is  designed.  The  insulation  resistance  of  the  com- 
pleted apparatus  must  be  such  that  the  rated  voltage  of  the  appa- 
ratus will  not  send  more  than  fTjfjfJTjnTT  ^^  ^^^  ^^^^  ^oad  current 

through  the  insulation.  When  the  value  found  in  this  way  exceeds 
1  megohm,  1  megohm  is  sufficient.* 

*  Standardization  Report,  Trans.  A.  I.  E,  £.,  vol.  3dx.,  May-June,  1902. 
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Besides  the  mere  insulation  resistance,  it  is  necessary  to  con- 
sider the  point  at  which  the  insulation  will  break  down  entirely. 
A  test  might  show,  for  example,  an  insulation  resistance  of  10' meg- 
ohms, but  it  might  be  punctured  and  destroyed  if  500  volts  were 
applied  to  it.  It  is,  therefore,  necessary  to  make  a  "break-down 
test"  also  at  a  potential  from  two  to  five  times  the  voltage  for  which 
the  machine  is  intended.  The  Standardization  Committee  of  the 
A.I.E.E.  in  their  report  suggested  the  following  "break-down  lest" 
voltages:* — 


Rated  Tenninal,  Volts. 


Rated  Output. 

Under  lo  Kw.  . 
lo  Kw.  and  over. 
Under  lo  Kw..  . 
lo  Kw.  and  over. 

Any 

Any 

Any 

Any 

Any 


Test  Voltage 
A.C. 


Not  exceeding  400  volts 

Not  exceeding  400  volts 

400  and  over,  but  less  than      800  volts! . 

400  and  over,  but  less  than      800  volts. . 

800  and  over,  but  less  than    1,200  volts. . 

1,200  and  over,  but  less  than    2,500  volts. . 

2,500  and  over,  but  less  than  10,000  volts. . 

10,000  and  over,  but  less  than  20,000  volts. . 


20,000  and  over. 


x,ooo  volts. 

1,500  " 
1,500  " 
2,000  " 
3,500  " 
5,000  " 
Double  the  nonnal 

rated  voltages. 
10,000  volts  above 
nonnal    rated 
voltag^. 
50%  above  normal 
rated  voltages. 


The  voltage  required  to  break  down  cotton-  and  silk-covered 
wires,  fibres,  mica,  etc.,  has  been  investigated  by  Canfield  and 
Robinson  ;t  the  data  in  regard  to  the  latter  materials  have  also 
been  determined  by  Steinmetz  %  and  others. 

The  effect  of  moisture  on  insulation  resistance  has  been  studied 
by  T.  T.  P.  Luquer,§  and  the  effect  of  temperature  by  F.  C.  Reeve.  || 

*  Standardization  Report,  Trans,  Am.  Inst,  E,  E.,  May-June,  1902,  vol.  ziz. 

t  Electrical  Engineer,  March  28,  1894. 

J  Trans.  Am,  Inst,  Elec.  Eng.,  vol.  x.,  p.  85, 

{  Electrical  Engineer,  Dec.  28,  1892. 

iElec.  Power  (N.  Y.),  June,  1896. 
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CHAPTER   XVIII. 

TTPIOAL  FORMS  OF  OBNBRATOR  FOR  BLEOTRIO  UOBTINQ. 

The  types  of  generator  used  in  electric  lighting  are  so  numer- 
ous, and  are  modified  so  frequently,  that  it  is  useless  to  attempt 
to  describe  all  of  them.  Moreover,  the  principles  laid  down  in 
the  preceding  chapter  are  intended  to  enable  one  to  understand 
and  judge  any  particular  form  on  its  merits.  An  examination 
of  the  machines  themselves  is  by  far  the  best  way  to  compare  them; 
and  next  to  that  the  most  definite  and  complete  information  regard- 
ing the  diflferent  forms  can  be  obtained  from  the  catalogues  of  the 
various  manufacturers. 

Certain  t)rpes,  however,  are  so  important  and  interesting  that 
they  deserve  a  description  which  will  also  be  of  assistance  in  study- 
ing other  forms. 

The  various  electric  generators  may  be  divided  into  the  fol- 
lowing classes: — 

k.  Direct-Current  Machines. 

1.  ConsiafU'Potential  for  lightings  pawer^  railway,  and  dectro- 

chemical  purposes. 

2.  Closed-coil,  constant-current  jor  arc  lighting. 

3.  Open-coily  constant-current  for  arc  lighting. 

B.  Alternating-Current  Machines. 

4.  Single-phase,  constant- potential  for  lighting  and  other  purposes 

5.  Polyphase,  constant- potential,  for  lighting,  power,  and  other 

purposes. 

DIBDOT-OUBBENT,  CONSTANT-POmNTIAIi  QTffNTCTt  A  TOB8. 

This  is  the  most  common  form  of  generator,  since  it  is  used  for 
incandescent  lighting  in  nearly  every  isolated  plant  and  in  a  large 
number  of  central  stations.  The  current  generated  by  it  is  also 
suitable  for  constant-potential  arc  lighting,  electric  motors,  electric 
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heating  and  cooking  apparatus,  storage  batteries,  electrochemical 

and  electrometallurgical  purposes,  etc. 

The  armatures  of  these  machines  are  provided  with  closed-coil 

windings  of  either  the  drum  or  ring 
type.  The  field-magnets  are  usually 
either  shunt  or  compound  wound,  but 
in  some  cases  are  separately  excited. 
They  are  bipolar  or  multipolar  in 
form,  resuhing  in  considerable  differ- 
ences in  design  and  appearance;  the 
former  will  be  considered  first. 

The  Edison  Dynamo  is  historic- 
ally the  most  prominent  example  of 
this  class.  It  consists,  as  shown  in 
Fig.  139,  of  a  horseshoe  (undertype) 

field-magnet,  and  a  smooth-core  drum  armature.     The  pole-pieces 

are  magnetically  separated  from  the  base  by  zinc  castings. 


Fig.  139.    Editon  Bipolar  Dynamo. 


Fig.  140.    The  Croc/ier-Wheeier  Bipolar  Dynamo. 

This  tjrpe  was  formerly  employed  in  nearly  all  low-tension  incan- 
descent-lighting central  stations  and  isolated  plants,  but  is  no  longer 
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manufactured,  having  been  replaced  by  multipolar  machines  for 
direct  coupling  with  engines.  It  is  simple,  substantial,  and  sym- 
metrical in  appearance;  but  considerable  material  is  saved  by  adopt- 
ing more  modem  designs. 

The  Crocker-Wheeler  Bipolar  Dynamo,  as  shown  in  Fig.  140, 
consists  of  a  horseshoe  (overtjrpe)  field-magnet  and  a  slotted  ring 
armature.  The  field-magnets  are  either  drop-forgings  of  wrought 
iron,  or  steel  castings  set  into  a  cast-iron  base.  This  type  in  the 
smaller  sizes  from  J  to  5  kilowatts  has  been  made  in  large  numbers, 
but  is  being  superseded  in  many  cases  by  the  inclosed  bipolar  form 
(Fig.  121).    Larger  machines  are  multipolar. 


F\g.  141.    Multipolar  Belt-Drioen  Generator. 


Multipolar,  Direct-Current,  Closed-Coil  Dynamos.— The  general 
form  of  multipolar  dynamo  shown  in  Fig.  141  has  been  adopted 
ahnost  imiversally,  being  manufactiured  by  the  General  Electric, 
Westinghouse,  Crocker- Wheeler,  Bullock,  and  other  companies  in 
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the  United  States,  as  well  as  by  the  Allgemeine  Elektricitats  Gesell- 
schaft  of  Berlin,  the  Oerlikon  works,  Browij,  Boveri  &  Company 
of  Switzerland,  and  by  other  manufacturers  in  Europe. 

The  field-magnet  ring  is  almost  always  circular.  The  advan- 
tages of  this  form  of  magnet  are  great  mechanical  strength,  easy 
construction,  compactness,  symmetry,  eflfective  position  of  coils, 
short  magnetic  circuits,  small  magnetic  leakage,  owing  to  pole- 
pieces  having  minimum  surface,  and  upper  half  of  magnet  is  easily 
removed  to  give  access  to  the  armature.  Machines  of  any  size  and 
number  of  poles  have  the  same  general  design,  not  only  for  direct, 
but  also  for  alternating,  currents;  and  either  the  drum  or  the  ring 
form  of  armature  may  be  adopted,  usually  the  former. 

Multipolar  Generators  for  Direct  Connection  with  Engines. — 
The  form  shown  in  Fig.  142  has  substantially  the  same  form  of 


Fig.  142,    Dlrwet-Conn90t9d  MulUpotar  Gentrator, 

field-magnet  as  the  ordinary  belt-connected  multipolar  machine 
represented  in  Fig.  141.  The  chief  modification  consists  in  the 
larger  diameter  of  armature,  which  is  necessitated  by  the  smaller 
number  of  revolutions  per  minute,  the  peripheral  speed  being  thus 
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kept  about  the  same.  This  and  similar  forms  of  direct-comiected 
generators  are  built  by  the  General  Electric,  Westinghouse,  Crocker- 
Wheeler,  and  other  companies. 

The  various  manufacturers  of  high-speed  steam-engines,  as 
already  stated  in  Chapters  IX  and  XV,  make  certain  standard  sizes 
with  an  extended  base  and  shaft  upon  which  a  generator  of  corre- 
sponding capacity  is  mounted,  the  latter  being  also  specially  designed 
for  the  purpose.  This  allows  a  combination  to  be  made  of  any 
type  of  engine  with  any  style  of  dynamo,  according  to  preference. 
The  projecting  portion  of  the  iron  base  which  carries  the  generator 
is  cast  as  an  integral  part  of  the  sub-base  of  the  engine.  The  engine 
and  dynamo  also  have  a  common  shaft;  hence  the  construction 
is  thoroughly  substantial. 

The  standard  sizes  of  these  combinations  are  25,  35,  50,  75,  100, 
150,  and  200  kilowatts,  as  stated  on  p.  178,  but  sizes  up  to  5,000 
kilowatts  are  built  for  large  central  stations,  such  as  that  of  the 
New  York  Edison  Company  represented  in  Fig.  3. 

The  Siemens-Halske  Internal-Pole  Djmamo. — ^This  type  is 
interesting  on  account  of  its  peculiar  form  and  because  it  was  for- 
merly made  in  considerable  numbers 
both  in  Europe  and  America,  being 
represented  in  Fig.  143.  The  cores  of 
the  field-magnet  are  iron  forgings, 
which  radiate  outward  from  a  central 
block  of  iron,  bolted  to  the  frame  of 
the  machine.  The  figure  shows  four 
poles,  but  larger  machines  have  as 
many  as  ten  poles.  The  armature, 
which  is  ring- wound,  and  bolted  to  the 
arms  of  a  spider  mounted  upon  the 
shaft,  revolves  entirely  outside  of  the 
magnet.  The  winding  is  composed  of 
copper  bars,  the  interior  ones  being  the 
inductors,  and  those  outside  forming  the  commutator  against  which 
the  brushes  press.  The  generators  of  this  t3rpe  used  in  the  Berlin 
central  stations  have  armatures  over  10  feet  in  diameter. 


Slem§n8-HcU»ke  Internal' 
Pol9  Dynamo. 
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DzanoT-ouBBinrT,  cx>g8TAjrT-ouHBiiarr  dynamos  fob  abo 

UOHTINO. 

These  machines  were  formerly  adopted  ahnost  universally  for 
arc  lighting;  but  arcs  lamps  are  now  operated  by  constant-poten- 
tial, direct,  as  well  as  by  alternating,  currents,  as  described  in 
Volume  II.  Nevertheless  this  type  is  employed  on  many  circuits 
which  supply  arc  lamps  only,  the  latter  being  arranged  in  simple 
series.  Since  these  generators  must  produce  a  constant  current 
(usually  ten  amperes  for  open  arcs  and  about  seven  amperes  for 
inclosed  arcs)  even  when  the  number  of  lamps  on  the  circuit  is 
changed,  they  are  provided  with  automatic  regulators  to  keep  the 
current  at  the  proper  value.  These  consist  in  almost  all  cases  of 
electromagnetic  devices  which  either  shift  the  commutator  brushes, 
or  vary  the  field-magnetization  in  order  to  control  the  E.M.F. 
generated,  and  thus  maintain  a  constant  current. 

In  practice,  these  machines  are  purposely  designed  to  have  con- 
siderable armature  reaction,  magnetic  leakage,  self-induction,  and 
resistance,  which  tend  to  prevent  the  current  from  becoming  exces- 
sive when  the  resistance  of  the  circuit  is  reduced  by  cutting  out 
lamps  in  series.  This  helps  the  regulator  to  control  the  current, 
and  gives  it  time  to  operate  in  case  the  current  suddenly  increases, 
as  it  often  does.  In  fact,  an  arc  dynamo  must  be  capable  of  being 
completely  short-circuited  without  injury  and  without  any  con- 
siderable rise  in  current.  Its  design  and  action  are  diametrically 
opposite  to  those  of  a  constant-potential  machine. 

The  regulator  acts  to  make  the  current  still  more  uniform;  but 
the  eflfect  of  armature  reaction,  etc.,  is  immediate  and  reliable,  prevent- 
ing great  overheating,  even  if  the  regulator  fails  to  operate.  The 
action  when  the  current  diminishes  is  to  decrease  the  counter 
If .M.F.,  and  raise  the  E.M.F,,  which  tends  to  keep  up  the  current. 
But,  unfortunately,  the  field-magnetism  does  not  discharge  as  rapidly 
as  the  counter  M.M.F.  of  the  armature  falls;  consequently,  if  the 
circuit  is  suddenly  opened,  the  E.M.F.  momentarily  rises  far  above 
its  normal  value,  causing  danger  to  persons,  and  straining  the  insula- 
tion. This  trouble  is  mitigated  by  having  the  armature  core  highly 
saturated,  so  that  the  flux  cannot  be  increased  very  much  above 
its  ordinary  density. 

Each  particular  type  of  arc  dynamo  is  peculiar,  and  requires 
a  special  description,  which  would  occupy  a  chapter  or  more  to  be 
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complete.  Hence  the  reader  is  referred  to  Thompson's  Dynamo- 
Electric  Machinery,  or  other  work  on  the  d)mLamo,  where  these 
machmes  are  fully  described,  only  their  principal  features  being 
given  here. 

The  Brush  Dynamo  was  the  first  machine  to  be  generally  em- 
ployed for  electric  lighting.  The  armature  is  of  the  ring  form,  and 
consists  of  a  number  of  separate  bobbins  wound  upon  an  iron  core 


W— TO 


Fig.  144.    Bryan  An  Qwrator. 


fig.  146,    Rtgutator  ofBrmh  An  ItaoMif 


which  has  projections  on  each  side.  This  armature  revolves  between 
the  poles  of  two  field-magnets.  Usually  these  are  simple  horseshoe 
magnets  with  two  poles,  but  in  the  larger  machines  for  100  lights  or 
more  there  are  four  poles  on  each  side  (Fig.  144). 

Each  pair  of  diametrically  opposite  armature  coils  are  connected 
in  series,  and  to  an  independent  pair  of  commutator  sections.  By 
means  of  the  brushes,  of  which  there  are  ordinarily  four  or  six,  the 
bobbins  are  connected  together,  the  number  of  them  in  series  being 
equal  to  the  number  of  brushes.  For  example,  in  an  armature 
with  12  coils  and  6  brushes,  there  are  3  pairs  of  bobbins  in  series 
Furthermore,  since  the  commutator  sections  of  coils  at  right  angles 
overlap  each  other  about  45°,  the  bobbins  are  in  parallel  twice  dur- 
ing each  revolution,  and  are  out  of  circuit  the  rest  of  the  time. 

The  Brush  regulator  automatically  varies  the  resistance  in  parallel 
with  the  field  winding,  and  also  shifts  the  brushes  so  as  to  maintain 
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them  in  a  position  of  minimum  sparking.  These  two  operations  are 
performed  by  the  device  shown  in  Fig.  145,  which  is  directly  con- 
nected to  the  frame  of  the  generator.  This  mechanism  consists  of 
a  rotary  oil-pmnp  P,  driven  from  the  shaft,  a  balanced  cylinder- 
valve  V,  and  a  rotary  piston  J?,  in  a  short  cylinder,  which  is  directly 
connected  to  the  rheostat  arm  7*.  The  balanced  valve  is  con- 
trolled by  a  lever  i,  which  forms  the  armature  of  an  electromagnet 
My  energized  by  the  full  line  current.  When  operating  under  nor- 
mal conditions  the  valve  is  so  placed  that  the  oil  flows  around  the 
rotary  piston  without  effect.  If  the  current  should  rise  above  the 
normal  value,  the  lever  is  attracted  and  lift:,  the  valve,  thus  causing 
the  oil  to  act  upon  the  rotary  piston  in  one  direction  and  move  the 
rheostat  arm  so  as  to  decrease  the  resistance  by  which  the  field- 
coils  are  shunted,  which  reduces  the  voltage  and  the  current.  At 
the  same  time  a  pinion  on  the  shaft  of  the  rheostat  arm  engages 
with  a  rack  on  the  rocker-arm,  and  shifts  the  brushes.  When  the 
current  reaches  its  proper  value  the  valve  is  drawn  back  by  a  spring, 
and  the  oil  again  flows  in  and  out  of  the  cylinder  without  effect. 
Should  the  current  decrease,  the  spring  draws  the  valve  down  and 
admits  the  oil  on  the  opposite  side  of  the  rotary  piston  and  moves 
the  rheostat  arm  so  as  to  increase  the  shunted  resistance,  thus 

increasing  the  field-current  and 
voltage.  This  regulator  in  con- 
junction with  the  armature  re- 
action will  bring  the  current  back 
to  its  normal  value  within  four 
seconds  after  a  dead  short  circuit. 
The  Thomson-Houston  Arc 
Dynamo  is  another  very  promi- 
nent type,  having  a  spherical 
armature,  and  the  peculiar  form 
of  field-magnet  shown  in  Fig. 
146.    The  commutator  has  only 


f]^.  149,    Thom90n'Hou8ton  An  Dynamo. 


three  sections,  so  that  the  full  voltage  exists  between  adjacent  sections, 
which  limits  the  allowable  potential  to  about  2,500  volts,  sufficient 
for  50  open  arcs  or  30  inclosed  arcs  in  series.  This  requires  too 
many  machines  and  circuits,  especially  for  large  systems,  the  mod- 
em practice  bemg  to  put  100  to  200  lamps  on  a  circuit,  so  that 
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the  manufacture  of  this  type  has  been  discontinued.    There  are, 
however,  many  of  these  machines  in  operation. 

The  Wood  Arc  Dynamo,  shown  in  Fig.  147,  •differs  essentially 
from  the  Brush  and  Thomson-Houston  types  in  the  fact  that  it 
has  a  closed-coil  armature,  and  the  commutator  is  made  with  a 
great  many  sections — usually  100  or  more.  The  armature  is  a 
true  Gramme  ring,  the  core  being  formerly  composed  of  annealed 
iron  wire,  but  it  is  now  built  up  of  laminated  punchings  of  mild 
sheet  steel.  The  field-magnet  is  also  one  of  the  characteristic  forms 
employed  by  Gramme.  In  fact,  this  machine  is  directly  based  upon 
the  original  designs  and  patents  of  that  inventor;  but  the  regulator, 


Fig,  147,    Wood  ArcUghtlng  Dynamo, 

which  is  very  ingenious  and  effective,  is  due  to  Wood.  This  con- 
sists of  an  electromagnet  controlling  a  mechanism  that  shifts  the 
brushes  on  the  commutator  as  lamps  are  cut  out  of  circuit,  until 
finally,  when  the  machine  is  short-circuited,  the  brushes  are  almost 
90°  from  their  normal  position,  and  the  E.M,F.  becomes  very 
small.  The  violent  sparking  which  ordinarily  occurs  when  the 
brushes  are  displaced  from  the  neutral  points  is  avoided  in  this 
dynamo  by  practically  balancing  the  M.M.F,  of  the  field  by  that 
of  the  armature,  so  that  wherever  the  brushes  may  be,  practically 
no  E.M-F.  is  generated  in  the  coils  which  are  short-circuited  by 
them.  This  is  shown  very  clearly  in  the  diagrams  given  by  Pro- 
fessor R.  B.  Owens  in  a  paper  on  a  "Test  of  a  Closed-coil  Arc 
Dynamo,"  *  which  contains  the  results  of  very  careful  tests  on  the 

*  Trans.  Amer.  Inst.  Elec.  Eng.,  May,  1894. 
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action  and  regulation  of  a  25-light  Wood  arc  dynamo.  These 
machines  are  made  in  various  sizes  up  to,  and  including,  200-light 
capacity. 

AIiTSBITATZNO-OITBBIlin*  QBITHBATOBS. 

The  armature  windings  employed  in  alternators  have  already 
been  described  in  Chapter  XVII;  and  in  general  they  are  simpler 
than  those  required  for  direct  currents,  since  they  consist  merely 
of  a  series  of  coils  corresponding  in  number  to  the  pole-pieces.  The 
field-magnets  are  usually  quite  similar  to  each  other  in  form,  as  they 
are  almost  necessarily  multipolar  in  order  to  obtain  the  necessary 
frequency,  which  varies  from  25  to  133  periods  per  second.* 

When  alternators  are  to  be  employed  for  lighting  circuits  only, 
single-phase  machines  are  preferable,  since  they  are  simpler  and  do 
not  give  rise  to  the  unbalancing  of  voltages  often  met  with  in  poly- 
phase work.  In  modem  plants,  however,  motors  as  well  as  lights 
are  supplied  with  energy,  and  as  the  single-phase  motor  is  not  the 
equal  of  the  polyphase  motor  for  general  work,  it  is  usually  better  to 
install  polyphase  systems. 

So  far  as  general  construction  and  appearances  are  concerned, 
single-phase  and  polyphase  alternators  are  practically  identical. 
About  the  only  important  difiference  is  in  the  arrangement  and  con- 
nections of  the  armature  winding  and  in  the  number  of  collector 
rings. 

Three  general  types  of  alternators  are  in  common  use: 

(a)  Machines  with  revolving  armatures  and  stationary  fields. 

(b)  Machines  with  stationary  armatures  and  revolving  fields. 

In  the  latter  the  armature  winding  is  arranged  in  slots  around 
the  inner  periphery  of  the  armature  structure.  The  revolving  field 
is  usually  provided  with  radially  projecting  poles  and  revolves  within 
the  stationary  armature.  This  type  has  come  into  extensive  use, 
especially  for  alternators  of  large  size  and  high  voltage,  because  the 
inductors  can  be  better  insulited  in  a  stationary  armature,  and  it 
is  more  convenient  to  introduce  the  field-current  through  slip-rings 
than  to  handle  the  heavy  armature  current. 

(c)  Inductor  alternators.  In  these  machines  neither  the  arma- 
ture nor  field  windings  revolve.    A  mass  of  iron  with  polar  pro- 

*  Alternating-current  principles  and  methods  of  transmission  and  distributioQ 
aie  given  in  Volume  II. 
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jections  is  revolved  and  causes  the  magnetic  flux  passing  through 
the  armature  conductors  to  vary  and  thus  sets  up  an  alternating 
electromotive  force. 

Revolving  Armature  Alternators  are  almost  universally  made  in 
accordance  with  the  general  design  shown  in  Fig.  148  in  this 
country,  and  also  to  a  great  extent  abroad.  The  field-magnet  re- 
sembles the  form  widely  adopted  for  multipolar,  direct-current  ma- 
chines; almost  the  only  difference  being  the  fact  that  in  the  latter 
the  space  between  adjacent  pole-pieces  is  only  one-third  to  one-half 
of  the  arc  co\ered  by  each  pole-piece,  whereas  in  alternators  the 
spaces  and  pole-pieces  are  usually  about  equal  in  extent.  Alternators 
similar  to  the  form  shown  are  manufactured  by  the  General  Electric 


F\g,  148,    fftoolving  Armature  Alternator, 

and  Westinghouse  companies,  but  the  tendency  is  to  adopt  the  re- 
volving field  machines  in  preference,  for  the  reasons  stated.  The 
field-magnetizing  current  is  usually  obtained  from  a  small  auxiliary 
direct-current  dynamo  called  an  **  exciter." 

These  machines  are  also  often  made  with  composite  fietd-ivindingy 
which  is  analogous  to  compound  winding  for  direct-current  dynamos, 
and  consists  in  providing  the  field-magnets  with  a  few  turns  of 
coarse  wire  in  addition  to  the  fine  wire  winding  fed  by  the  exciter. 
The  main  current  generated  by  the  machine  is  passed  through  this 
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coarse  winding,  being  rectified  or  converted  into  a  direct  current 
for  the  purpose  by  means  of  the  commutator  shown  on  one  side  of 
the  collecting- rings  in  Fig.  148.  In  this  way  the  voltage  may  be 
kept  constant,  or  raised  with  increased  load.  Instead  of  passing 
the  main  current  itself  through  the  extra  coils,  it  is  possible  to  obtain 


Fig.  149.    fieoolvlng-Field  Atternator. 

the  same  effect  by  means  of  a  transformer  in  which  the  main  cur- 
rent acts  inductively  upon  a  secondary  circuit,  and  produces  a  cur- 
rent proportional  to  itself,  which  is  rectified  and  used  in  a  similar 
way.     These  constructions  are  shown  and  described  in  Vol.  II. 

Revolving-Field  Alternators. — A  General  Electric  alternator  of 
the  revolving-field  type  is  illustrated  in  Fig.  149,  and  has  the  con- 
struction shown  in  Fig.  150.  The  collector- rings  moimted  on  the 
shaft  are  for  supplying  the  field  with  the  exciting  current.  In  this 
tjrpe  of  machine  the  stationary  armature  structure  is  arranged  so 
that  it  can  be  slid  to  one  side  on  the  bed-plate,  thus  allowing  free 
access  to  both  the  armature  and  field-coils.  Alternators  similar  to 
this  are  also  manufactured  by  the  Westinghouse  and  other  com- 
panies in  the  United  States  and  Europe. 
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The  Mordey  alternator  is  a  well-known  type  of  revolving-field 
alternator  employed  in  England.    The  armature  consists  of  a  number 


Pig,  160,    Construction  of  Two-Phase  Rsvotvlng-Plsid  Attsmator. 

of  flat  coils  that  do  not  contain  any  iron  core.  The  field  mounted 
on  the  shaft  has  only  a  single  coil,  to  which  the  magnetizing  current 
is  conveyed  by  contact- rings  on  the  shaft.  There  are  a  number  of 
projections  from  one  end  of  the  field-mngnet  which  are  all  of  north 
polarity,  and  an  equal  number  of  south  polarity  on  the  other  end. 
The  armature  stands  in  the  space  between  these  poles;  so  that  when 
they  revolve  each  armature  coil  is  subjected  to  a  rising  and  a  falling 
magnetic  flux,  that  does  not,  however,  reverse,  since  the  north  poles 
are  always  on  one  side  of  the  armature,  and  the  south  poles  on  the 
other.  Nevertheless  this  generates  an  alternating  current,  since  in- 
creasing and  decreasing  the  flux  through  a  coil  produces  E.M.F.  in 
opposite  directions. 

Inductor  Alternators. — ^The  Stanley  alternator  is  one  of  the 
most  prominent  of  the  inductor  type,  its  general  appearance  being 
shown  in  Fig.  151.  The  machine  is  double,  having  the  two 
stationary  armatures,  A  and  A',  Fig.  152.  The  two  armatures  are 
connected  by  the  iron  cross-bars  b,  which  carry  the  magnetic  flux, 
and  the  armature  coils  are  arranged  around  the  inner  periphery  of 
the  laminated  armature  cores  in  practically  the  same  manner  as  in 
the  revolving-field  machine.  The  revolving  inductor  has  a  set  of 
laminated  polar  projections,  p,  at  each  end,  all  of  one  set  being  of 
one  px)larity,  and  those  of  the  other  set  of  the  opposite  polarity. 
The  magnetic  flux  follows  the  path  shown  by  the  dotted  line,  and 
as  the  inductor  revolves,  the  flux  passing  through  the  armature  coils 
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alternately  increases  to  a  maximum  and  decreases  to  zero,  but  does 
not  reverse.    The  flux  is  set  up  by  the  large  stationary  coil  C,  which 


F\g,  161,    Stantey  Inductor  Attermttor, 


encircles  the  inductor.    The  armature  coils  are  arranged  to  pro- 
duce two  electromotive  forces  differing  in  phase  by  90°,  one  set  being 


■^^ITif^' 


Fig.  162,    Congtruetlon  of  Stanlty  Indyctor  Alternator, 

displaced  so  that  the  flux  passing  through  them  is  at  zero,  while  it  Is 
at  a  maximum  through  the  other  set  of  coils. 
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CHAPTER    XIX. 

THB  PRAOnOAL  BIANAOBMBNT  OF  DYMAMO-BLBOTRIO 
MAOHINERT. 

The  actual  handling  of  the  generators  in  a  central  station  or 
isolated  plant  is  an  especially  important  matter  in  electric  lighting. 
A  work  by  Dr.  S.  S.  Wheeler  and  the  author  ^  is  devoted  to  the 
selecting,  installing,  operating,  and  testing  of  generators  and  motors, 
special  attention  being  given  to  the  serious  problem  of  locating 
and  remedying  troubles  in  these  machines.  The  reader  is  referred 
to  that  book  for  a  complete  treatment  of  these  subjects,  as  limita- 
tions of  space  allow  only  the  principal  points  to  be  given  in  the 
present  chapter. 

The  Selection  of  a  Generator. — One  of  the  first  questions  that 
the  electrical  engineer  is  called  upon  to  decide  is  the  selection  of  a 
machine  for  a  certain  plant.  It  depends  largely  upon  circum- 
stances in  each  particular  instance,  but  there  are  certain  general 
principles  which  apply  to  almost  all  cases. 

Construction,  —  This  should  be  of  the  most  solid  character, 
and  first-class  in  every  respect,  including  materials  and  workman- 
ship. 

Finish,  —  A  good  finish  is  desirable,  —  first,  because  it  indicates 
good  construction  ;  second,  it  stimulates  the  interest  and  pride 
of  the  attendant ;  and  third,  it  shows  the  least  dirt  or  neglect. 

Simplicity,  —  The  machine  and  all  its  parts  should  be  as  simple 
as  possible,  and  any  peculiar  or  complicated  feature  should  be 
avoided.  These  are  sometimes  successful,  but  should  be  well 
tried  and  proved  before  being  accepted. 

Attention.  —  The  amount  of  attention  required  by  the  machine 
should  be  small.  The  screws,  connections,  and  other  small  parts 
should  be  arranged  so  that  they  are  not  likely  to  become  loose, 
and  the  delicate  parts  should  not  be  exposed  or  liable  to  injury. 

y  The  Practical  Management  of  Dynamos  and  Motors,  by  F.  B.  Crocker  and  S.  S, 
Wheeler,  D.  Van  Nostrand  Co..  New  V«>rk. 
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Handling,  —  The  machine  should  be  provided  with  an  eye-bolt 
or  other  means  by  which  it  can  be  easily  lifted  or  moved  without 
injury.  It  ought  to  be  possible  to  take  out  the  armature  con- 
veniently by  removing  one  of  the  bearings  or  the  top  of  the  field- 
magnet. 

Interchangeability,  —  Machines  should  be  made  with  inter- 
changeable parts,  so  that  a  new  piece  which  will  fit  perfectly  can 
be  readily  obtained  ;  for  this  reason  regular  and  established  types 
are  preferable  to  special  or  unsettled  forms. 

Regulation.  —  Some  form  of  regulator  should  be  provided  by 
which  the  E,M.R^  or  current,  can  be  reliably  and  accurately 
governed. 

Capacity,  —  This  should  be  ample  in  all  cases.  It  is  a  very 
common  mistake  to  underestimate  the  work  required  of  a  given 
machine ;  and,  even  if  it  has  sufficient  power  at  first,  the  demands 
upon  it  are  apt  to  increase,  and  finally  overload  it.  No  one  is 
ever  likely  to  regret  choosing  a  dynamo  having  a  reasonable 
margin  of  capacity,  since  these  machines  only  consume  power 
in  proportion  to  the  work  they  are  doing.  For  example,  a  25 
kilowatt  generator  would  probably  run  with  a  20  kilowatt  load 
more  economically  and  satisfactorily  than  a  20  kilowatt  machine 
with  the  same  load. 

Form,  —  The  dynamo  should  be  symmetrical,  well-propor- 
tioned, compact  and  solid  in  form.  If  it  is  either  very  tall  or  very 
flat,  it  is  usually  inconvenient  and  clumsy.  No  part  should  project 
excessively,  or  be  awkwardly  formed  or  arranged.  The  large  and 
heavy  portions  should  be  placed  as  low  as  possible,  to  give  great 
stability.  For  the  same  reason  the  shaft  should  not  be  high 
above  the  base,  nor  should  it  be  so  low  that  there  is  not  ample 
room  for  the  puUy  or  other  attachment.  A  horizontal  belt,  for 
example,  will  sag  and  strike  the  floor  if  the  pulley  is  very  low. 

Weight.  —  The  common  idea  that  it  is  desirable  to  have  a  very 
light  dynamo  is  a  mistake  when  it  is  for  stationary  use.  There 
is  no  advantage  in  a  light  machine  except  portability ;  and  it  has 
the  disadvantages  of  being  less  strong,  less  durable,  and  less 
steady  in  running.  A  sufficient  weight  to  make  it  thoroughly 
substantial  is  obviously  a  great  benefit. 

Cost.  —  It  is  also  a  mistake  to  select  a  cheap  machine,  since 
both  the  materials  and  workmanship  required  in  a  high-quality 
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d)aiamo  or  motor  cost  more  than  in  almost  any  other  machine 
of  the  same  size  and  weight.  It  is  an  undeniable  fact  that  there 
has  been  considerable  trouble  with  electrical  machinery  owing 
to  inferior  construction. 

In  addition  to  these  general  considerations,  the  armature,  field- 
magnets,  and  other  parts  of  a  dynamo,  should  be  made  in  accord- 
ance with  the  facts  given  in  Chapter  XVII. 

These  suggestions  as  to  selecting  a  dynamo  or  motor  may  be 
followed  when  it  is  possible  to  make  merely  a  general  examination 
of  the  machine,  or  even  in  cases  where  it  is  only  practicable  to 
obtain  a  drawing  or  description  of  it.  But  to  make  a  complete 
investigation,  it  is  necessary  to  carry  out  a  thorough  test,  and 
measure  exactly  its  various  constants. 

A  satisfactory  test  cannot  usually  be  made,  however,  until 
after  the  machine  is  set  up  in  place ;  and,  moreover,  it  is  not 
generally  necessary  if  it  is  obtained  from  a  reputable  source. 

The  Number  and  Size  of  Units,  —  The  question  of  selecting 
the  best  size  and  number  of  dynamos  in  an  electrical  plant  is 
not  nearly  so  serious  as  the  corresponding  problem  in  connection 
with  steam-engines ;  because,  as  already  stated,  the  efficiency  of 
a  dynamo  is  higher,  and  is  not  reduced  to  anything  like  the 
extent  at  light  loads.  A  dynamo  is  usually  not  very  much  less 
efficient  at  one-quarter  load  than  at  full  load,  while  a  steam-engine 
is  only  about  one-third  as  efficient.*  There  is  rarely  any  neces- 
sity, therefore,  for  running  a  dynamo  at  a  low  efficiency ;  since  it 
would  not  require  much  engineering  skill  to  design  a  plant  in 
which  no  dynamo  was  obliged  to  operate  at  less  than  one-quarter 
load.  It  is  also  a  fact  that  small  dynamos  of  only  50  kilowatts 
capacity  can  be  made  to  give  an  efficiency  of  90  per  cent,  and 
are  nearly  as  good  in  this  respect  as  larger  machines ;  so  that  the 
electrical  generating  plant  can  be  subdivided,  if  desired,  without 
detriment,  except  the  multiplicity  of  units.  It  is,  therefore,  very 
evident  that  the  size  and  number  of  dynamos  should  be  suited  to 
the  requirements  of  the  engines,  since  the  difficulty  lies  with  the 
latter. 

A  point  which  is  often  misunderstood  is  the  fact  that  the 
efficiency  of  a  dynamo  at  full  load  is  not  so  important  as  at 
average  load.     Assume,  for  example,  a  dynamo  having  an  effi- 

♦  See  page  199. 
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ciency  shpwn  by  the  curve  OB  A  in  Fig.  153,  and  another  machine 
whose  efficiency  is  represented  by  the  curve  OCD,  It  would  be 
in  accordance  with  common  practice  to  compare  these  two  dyna- 
mos at  full  load,  at  which  the  efficiency  of  the  first  is  only  86 
per  cent,  while  the  other  gives  90  per  cent.  But,  as  a  matter 
of  fact,  the  first  machine  (OBA)  is  far  better  than  the  second; 
since  its  average  efficiency  is  much  higher,  and  is  nearly  90  per 
cent  between  one-half  and  three-quarters  of  its  full  power,  which 
would  be  the  range  of  its  ordinary  working-load.  It  should 
always  be  remembered  that  full  load  is  a  limit  which  should  be 
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Fig,  163,     Efficiency  of  Dynamoa. 
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but  occasionally  reached,  and  then  only  for  short  periods  of  time. 
Cases  might  arise  in  which  dynamos  would  be  run  steadily  at  full 
load,  but  they  would  be  rare. 

Setting  up  a  Dynamo.  —  The  location  and  foundations  for 
dynamos  have  already  been  discussed  in  Chapter  VI.,  and  it  will 
be  assumed  that  they  are  ready  when  the  machine  arrives. 

In  unpacking  and  putting  the  machines  together,  the  greatest 
possible  care  should  be  used  in  avoiding  the  least  injury  to  any 
part,  in  scrupulously  cleaning  each  part,  and  in  putting  the  parts 
together  in  exactly  the  right  way.  This  care  is  particularly  impor- 
tant with  regard  to  the  shaft,  bearings,  magnetic  joints,  and  elec- 
trical connections,  from  which  every  particle  of  grit,  dust,  chips 
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of  metal,  etc.,  should  be  removed.  It  is  very .  desirable  to  have 
machinery  assembled  ^by  a  person  thoroughly  familiar  with  its 
construction ;  and  in  the  absence  of  such  a  person  no  one  should 
attempt  it  without  at  least  a  drawing  or  photograph  of  the  ap- 
paratus as  a  guide.  An  exception  may  be  made  to  this  rule  if 
the  machine  is  very  simple,  and  the  way  to  put  it  together  is  per- 
fectly obvious ;  but  in  no  event  should  the  installation  or  manage- 
ment of  machinery  be  left  to  guess-work.  The  armature  must  be 
handled  with  the  greatest  possible  care,  in  order  to  avoid  injury 
to  the  wires  and  their  insulation,  as  well  as  to  the  commutator 
and  shaft.  It  should  be  supported  by  the  shaft,  to  avoid  any 
strain  on  the  armature-body  or  commutator.  If  it  is  necessary 
to  lay  the  armature  on  the  ground,  interpose  a  pad  of  cloth ; 
but  it  is  much  better  to  rest  the  shaft  on  two  wooden  horses  or 
other  supports.  The  proper  speed  for  a  dynamo  should  always 
be  obtained  from  its  manufacturers,  and  this  speed  should  not  be 
departed  from  without  their  approval.  Belting,  direct  coupling, 
and  other  means  of  connecting  dynamos  with  engines,  have 
already  been  treated  in  Chapters  XV.  and  XVI. 

The  direction  of  rotation  of  the  various  machines  is  sometimes 
a  matter  of  doubt  or  trouble.  Almost  any  dynamo  is  intended  to 
be  run  in  a  certain  direction;  that  is,  it  is  called  right-handed  or 
left-handed  according  to  whether  the  armature  does  or  does  not 
revolve  like  the  hands  of  a  clock  when  looked  at  from  the  pulley 
end.  Dynamos  are  usually  designed  to  be  right-handed,  but  the 
manufacturer  will  make  them  left-handed  if  specially  ordered. 
This  may  be  required  because  the  pulley  to  which  the  machine 
is  to  be  connected  happens  to  revolve  left-handed ;  or  it  may  be 
necessary  in  order  to  bring  the  loose  side  of  the  belt  on  top,  or 
to  permit  the  machine  to  occupy  a  certain  position  where  space 
is  limited.  To  reverse  the  direction  of  rotation  of  an  ordinary 
shunt,  series,  or  compound-wound,  direct-current,  two-pole  dynamo, 
the  brushes  may  simply  be  reversed,  without  changing  any  con- 
nection. This  changes  the  point  of  contact  of  the  brush-tips 
180®.  If  the  machine  is  multipolar,  a  similar  change  must  be 
made,  amounting  to  90°  in  a  four-pole,  45°  in  an  eight-pole, 
machine,  etc.  The  direction  of  the  current  and  the  polarity  of 
the  field-n;iagnets  remain  the  same  as  before;  all  that  is  changed 
is  the  direction  of  rotation  and  the  position  of  the  brushes.     This 
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applies  to  any  machine  except  arc  dynamos  and  one  or  two  other 
peculiar  machines,  which  require  to  be  run  in  a  certain  direction 
to  suit  the  regulating  apparatus.  A  separately  excited  alternating- 
current  dynamo  can  be  reversed  in  direction  of  rotation  without 
changing  any  connection.  A  self-exciting  or  compound-wound 
alternator  requires  the  brushes  that  supply  the  direct  current  to 
the  field  to  be  reversed  upon  the  commutator,  and  their  tips 
moved  through  an  angle,  as  above,  if  the  rotation  be  reversed. 

If  the  direction  of  the  current  generated  by  a  dynamo  is  oppo- 
site to  that  desired,  the  two  wires  leading  out  of  it  should  exchange 
places  in  the  terminals ;  or,  if  this  is  not  desired,  the  residual  mag- 
netism may  be  reversed  by  a  current  from  a  battery  or  other 
source. 

DIRECTIONS  FOR  STARTING  DYNAMOS. 

General,  —  The  machine  should  be  clean  throughout,  especially 
the  commutator,  brushes,  electrical  connections,  etc.  Any  metal- 
dust  must  be  carefully  removed,  as  it  is  very  likely  to  make  a 
ground  or  short  circuit. 

Examine  the  entire  machine  carefully,  and  see  that  there  are 
no  screws  or  other  parts  that  are  loose  or  out  of  place.  See  that 
the  oil-cups  have  a  sufficient  supply  of  oil,  and  that  the  passages 
for  the  oil  are  clear,  and  the  feed  is  at  the  proper  rate.  In  the 
case  of  self-oiling  bearings,  the  rings  or  other  means  for  carrying 
the  oil  should  work  freely.  See  that  the  belt  is  in  place,  and  has 
the  proper  tension.  If  it  is  the  first  time  the  machine  is  started, 
it  should  be  turned  a  few  times  by  hand,  or  very  slowly,  in  order 
to  make  sure  that  the  shaft  revolves  easily,  and  the  belt  runs  in 
the  centers  of  the  pulleys. 

The  brushes  are  carefully  examined,  and  adjusted  to  make  good 
contact  with  the  commutator  and  at  the  proper  point,  the  switches 
connecting  the  machine  to  the  circuit  being  left  open.  The 
machine  should  then  be  started  with  care,  and  brought  up  to  full 
speed,  gradually  if  possible ;  and  in  any  case  the  person  who  starts 
a  dynamo  should  be  ready  to  stop  it  instantly  if  the  least  thing 
seems  to  be  wrong,  and  should  then  be  sure  to  find  out  and  cor- 
rect the  trouble  before  starting  again.  (See  "  Locating  and  Rem- 
edying Troubles.*') 

Starting  a  Dynamo,  —  A  dynamo  is  usually  brought  up  to  speed 
either  by  starting  up  a  steam-engine,  or  by  connecting  the  dynamo 
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to  a  source  of  power  already  in  motion.  The  former  should,  of 
course,  only  be  attempted  by  a  person  competent  to  manage 
steam-engines,  and  familiar  with  the  particular  type  in  question. 
The  mere  mechanical  connecting  of  a  dynamo  to  a  source  of 
power  is  usually  not  very  difficult ;  nevertheless,  it  should  be  done 
carefully  and  intelligently,  even  if  it  only  requires  throwing  in  a 
friction-clutch  or  shifting  a  belt  from  a  loose  pulley.  To  put  a 
belt  on  a  pulley  in  motion  is  difficult  and  dangerous,  particularly 
if  the  belt  is  large  or  the  speed  is  high,  and  should  not  be  tried 
except  by  a  man  who  knows  just  how  to  do  it.  Even  if  a  stick 
is  used  for  this  purpose,  it  is  apt  to  be  caught  and  thrown  around 
by  the  machinery  unless  it  is  used  in  exactly  the  right  way. 

A  single  dynamo  working  alone  on  a  circuit  without  danger  of 
short-circuiting  another  dynamo  or  storage  battery  is  easily  started 
and  connected  to  the  circuit;  but  it  usually  happens  in  electric 
lighting,  where  the  number  of  lamps  required  to  be  fed  varies  so 
greatly,  that  one  dynamo  may  be  sufficient  for  certain  hours,  but 
two,  three,  or  more  machines  may  be  required  at  other  times. 

In  such  cases  several  dynamos  may  be  connected  together, 
either  in  parallel  (multiple  arc)  or  in  series. 

Dynamos  in  Parallel.  —  In  this  case  the  +  terminals  are  con- 
nected together  or  to  the  same  line,  and  the  —  terminals  are  con- 
nected together  or  to  the  other  line.  The  currents  (i.e.,  amperes) 
of  the  machines  are  thereby  added,  but  the  EM.F,  (volts)  is  not 
increased.  The  chief  condition  for  the  running  of  dynamos  iir 
parallel  is  that  their  voltages  shall  be  equal,  but  their  current 
capacities  may  be  different.  Parallel  working  is  therefore  suited 
to  constant-potential  circuits.  A  dynamo  to  be  connected  in  par- 
allel  with  others,  or  with  a  storage  battery,  must  first  be  brought 
up  to  its  proper  speed,  E.M.R^  and  other  working  conditions; 
otherwise  it  might  short-circuit  the  system,  and  burn  out  its  arma- 
ture. In  fact,  a  dynamo  should  not  be  connected  to  a  circuit  in 
parallel  with  others  until  its  voltage  has  been  tested,  and  found 
to  be  equal  to,  or  slightly  (not  over  1  or  2  per  cent)  greater,  than 
that  of  the  circuit.  If  the  E,M,F,  of  the  dynamo  is  less  than  that 
of  the  circuit,  the  current  will  flow  back  into  the  dynamo,  and 
cause  it  to  be  run  as  a  motor.  The  direction  of  rotation  is  the 
same,  however,  in  a  shunt-wound  dynamo;  and  no  great  harm 
results   from   a  slight   difference   of    potential.      In   fact,   such 
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machines  are  self-adjusting,  since  if  one  tends  to  run  too  fast 
it  has  to  do  more  work,  and  vice  versa;  but  compound-wound 
machines  require  more  careful  handling. 

The  test  for  equal  voltages  may  be  made  by  first  measur- 
ing the  E,M.F,  of  the  circuit,  and  then  of  the  machine,  by  one 
voltmeter;  or  voltmeters  connected  to  each  may  be  compared. 
Another  method  is  to  connect  the  dynamo  to  the  circuit  through 
a  high  resistance  and  a  galvanometer ;  and  when  the  latter  indi- 
cates no  current,  it  shows  that  the  voltage  of  the  Aynzmo  is  equal 
to  that  of  the  circuit.  A  rougher  and  simpler  way  to  do  this  is  to 
raise  the  potential  of  the  dynamo  until  its  "  pilot-lamp,"  or  other 
lamp  fed  by  it,  is  fully  as  bright  as  the  lamps  on  the  circuit,  and 
then  connect  the  dynamo  to  the  circuit.  Of  course  the  lamps 
compared  should  be  intended  for  the  same  voltage  and  in  normal 
condition. 

When  the  dynamo  is  first  connected  in  this  way,  it  should  only 
supply  a  small  amount  of  current  to  the  circuit  (as  indicated  by  its 
ammeter),  and  its  voltage  should  then  be  gradually  raised  until  it 
generates  its  proper  share  of  the  total  current ;  otherwise  it  will 
cause  a  sudden  jump  in  the  brightness  of  the  lamps  on  the 
circuit. 

Series-wound  Dynamos  in  Parallel  not  Used,  —  If  the  machine 
is  series-wound,  the  back  current  just  described  would  cause 
a  reversal  of  field-magnetism  and  a  serious  short-circuit.  In 
fact,  series  dynamos  in  parallel  are  in  very  unstable  equilibrium ; 
because  if  either  tends  to  generate  too  little  current,  that  fact 
weakens  its  own  field,  which  is  in  series,  and  thus  still  farther 
reduces  its  current,  and  finally  reverses  the  machine.  One  way 
in  which  this  difficulty  might  be  overcome,  is  by  causing  each 
to  excite  the  other's  field-magnet,  so  that  if  one  generates  too 
much  current,  it  strengthens  the  field  of  the  other,  and  thus 
counteracts  its  own  excess  of  power. 

Another  plan  is  to  excite  both  field-magnets  by  one  of  the 
dynamos ;  but  the  best  method  is  to  connect  together  the  two 
brushes  which  convey  the  current  from  the  armatures  to  the  fields 
in  the  two  machines,  by  what  is  called  an  "  equalizer  "  (Fig.  154), 
or  "  Gramme  wire."  By  this  means  the  electrical  pressure  at 
the  terminals  of  the  two  armatures  is  made  the  same,  and  the 
currents  in  the  two  fields  are  also  made  equal.     Series  machines 
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are  not  often  run  in  parallel,  but  the  principles  just  explained  help 

the  understanding  of  the  next  case,  which  is  extremely  important^ 

Compound  Dynamos  in  Parallel,^ — Since  the   field-magnets  of 

these  machines  are  wound  with  series  as  well  as  shimt  coils,  the 


Fig.  164,    Striea-Wound  Dynamos  In  PanJM. 

coupling  of  them  is  a  combination  of  the  cases  of  the  shunt  and 
the  series-wound  machines  just  described. 

Assume  that  one  machine  is  already  running,  that  switches  I/y 
£',  and  F'  (Fig.  155)  are  closed,  and  that  the  armature  of  No.  1  is 
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No.  2 


Fig,  166,    Compound'Wound  Dynamos  In  Parallel, 

generating  its  full  current,  and  feeding  the  lamps  on  the  main  cir- 
cuit, the  shunt  and  series  field-coils  of  the  machine  carrying  their 
proper  current.  Now,  to  throw  on  the  other  d3mamo,  its  armature 
(No.  2)  is  brought  up  to  normal  speed,  switches  £"  and  F"  are 
closed,  which  excites  its  series-coil  with  part  of  the  main  current 
from  No.  1.  It  is  then  necessary  to  compare  carefully  the  voltage 
of  generator  No.  2  with  that  of  the  circuit  by  means  of  the  same  or 

*  In  discussion  of  various  methods  of  connecting  generators  in  parallel,  see  Chap. 
III.,  VoL  IL 
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separate  voltmeters,  regulating  it  with  the  rheostat  R"  until  the 
former  is  about  one  per  cent  higher. 

The  main  switch  U'  is  then  closed  and  the  machine  should 
.generate  a  small  amount  of  current.  Finally  it  is  made  to  produce 
its  proper  share,  as  shown  by  its  ammeter,  by  still  further  raising 
its  E.M.F.  (internal)  by  means  of  its  field  rheostat  R" ,  With  com- 
pound dynamos  considerable  care  is  required  to  avoid  a  back  cur- 
rent through  the  series  coil  tending  to  demagnetize  the  field,  as 
already  stated. 

In  disconnecting  a  machine,  the  same  steps  are  taken  in  exactly 
the  reverse  order.  Any  number  of  compound-wound  dynamos 
may  be  run  in  parallel  in  this  way ;  and  even  those  of  different 
size  or  current  capacity  may  be  connected,  provided  their  voltages 
agree,  and  provided  also  that  the  resistances  of  their  series  field- 
coils  are  inversely  proportional  to  the  current  capacities  of  the 
several  machines.  Dynamos  which  are  compound-wound  to  main- 
tain a  constant  potential  at  their  terminals  work  well  after  their 
voltages  are  once  made  to  agree,  even  with  a  variable  load.  But 
machines  which  are  "  over-compounded "  to  generate  a  higher 
potential  at  greater  loads  must  give  exactly  the  same  percentage 
of  increase  at  full  load,  and  must  agree  at  all  intermediate  points, 
otherwise  the  dynamo  which  tends  to  produce  a  higher  voltage 
will  generate  more  than  its  share  of  the  current.  This  may  be 
overcome  if  the  resistance  of  the  series-coil  of  the  machine  which 
tends  to  take  too  large  a  share  of  the  load  is  slightly  increased, 
by  simply  interposing  a  few  extra  feet  of  conductor  of  the  same 
current  capacity  as  the  series-coil,  and  between  it  and  the  main 
conductor  or  'bus  bar.  The  shunt  which  is  almost  always  used  to 
adjust  the  effect  of  the  series-coils  in  compound  dynamos  (shown 
at  Z  in  machine  No.  2,  Fig.  155)  operates  properly  in  the  case  of 
machines  working  singly,  but  is  worthless  for  machines  in  parallel, 
since  it  affects  all  the  dynamos  alike,  and  simply  reduces  their 
voltage  equally.  Hence  a  shunt  should  be  used  when  this  latter 
result  is  desired  ;  but  the  action  of  individual  generators  should  be 
adjusted  by  varying  the  resistance  of  the  series-coils  themselves, 
as  described  above. 

Another  difficulty  which  arises  with  over-compounded  dyna- 
mos in  parallel,  is  the  fact  that  when,  for  example,  one  machine 
out  of  four  is  working  alone  at  one-quarter  of  the  total  load,  it 
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will  be  fully  loaded,  and  will  generate  the  maximum  voltage, 
while  the  loss  of  potential  on  the  conductors  is  only  one-quarter 
of  the  maximum.  The  pressure  at  the  lamps  will  therefore  be 
too  high  by  an  amount  equal  to  three-quarters  of  the  full  drop. 
This  very  objectionable  excess  of  voltage  at  the  lamps  may  be 
avoided  by  merely  leaving  the  equalizer  (switch  Ey  Fig.  155)  con- 
nected to  all  the  dynamos,  so  that  the  currents  in  the  series-coils 
will  be  proportional  to  the  total  load,  and  not  to  the  load  on 
each  machine.  In  the  case  of  high-potential  dynamos,  it  would 
be  dangerous  to  have  them  connected  to  the  circuit  when  they 
were  stopped  for  cleaning  and  repairs,  consequently  a  resistance 
exactly  equivalent  to  the  series-coil  should  be  substituted  between 
the  equalizer  and  the  'bus  bar,  whenever  a  machine  is  disconnected 
from  the  circuit.  This  matter  has  been  quite  fully  discussed  by 
Professor  E.  P.  Roberts  and  the  author  in  the  Electrical  World, 
Oct.  13,  Dec.  1,  and  Dec.  8,  1894. 

Alternators  in  Parallel. — ^To  run  two  alternators  in  parallel, 
several  conditions  have  to  be  fulfilled:  The  incoming  machine — 
as  in  the  case  of  direct-current  generators — must  be  brought  up  to 
nearly  the  same  voltage  as  the  first  one;  it  must  operate  at  exactly 
the  same  frequency;  and,  at  the  moment  of  switching  in  parallel, 
it  must  be  in  phase  with  the  first  machine.  This  correspondence 
of  frequency  and  phase  is  called  synchronism. 

It  is  impossible  with  mechanical  speed-measuring  instruments  to 
determine  the  speed  as  accurately  as  is  necessary  for  this  purpose. 
There  is,  however,  a  very  simple  means  of  electrically  determining 
small  diflferences  in  speed  or  frequency.  In  Fig.  156,  let  M  and  N 
represent  two  single-phase  alternators,  which  can  be  connected  by 
means  of  the  single-pole  switch  AB.  Across  the  terminals  of  the 
switch  is  connected  an  incandescent  lamp  L,  capable  of  standing 
twice  the  voltage  of  either  machine.  When  AB  \%  open,  the  cir- 
cuit between  the  machines  is  completed  through  L.  The  two 
machines  may  be  connected  in  parallel  as  follows:  Assuming  ma- 
chine Af  already  in  operation,  bring  up  machine  N  to  approxi- 
mately the  proper  speed,  and  watch  lamp  L,  If  machine  N  is 
running  a  very  little  slower  or  faster  than  machine  Af ,  the  lamp  X 
will  glow  for  one  moment  and  be  dark  the  next.  At  the  instant 
when  the  voltages  are  equal  in  pressure  and  phase,  L  will  remain 
dark;  but  when  the  phases  are  displaced  by  half  a  period,  the  lamp 
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will  glow  at  its  maximum  brilliancy.  Since  the  flickering  of  the 
lamp  is  dependent  upon  the  diflFerence  in  frequency,  the  machines, 
so  long  as  this  flickering  exists,  should  not  be  thrown  in  parallel. 
The  prime  mover  of  the  incoming  machine  must  be  brought  to  the 
proper  speed;  and  the  nearer  machine  N  approaches  synchronism, 
the  slower  the  flickering.  When  it  is  very  slow,  we  can  use  the 
moment  the  lamp  is  dark  to  throw  the  machines  in  parallel  by  clos- 
ing the  switch  across  AB,  The  machines  are  then  in  phase,  and 
tend  to  remain  so,  since  if  one  slows  down  the  other  will  drive  it  as 
a  motor.  It  is  better  to  close  the  switch  when  the  machines  are 
approaching  synchronism  than  when  they  are  receding  from  it,  that 
is,  at  the  instant  the  lamp  becomes  dark. 


f\q:  1 66  and  167.    Alfrnatort  In  ParoiM. 

This  method  of  synchronizing  is  open  to  the  following  objec- 
tions: 

{a)  The  lamps  may  be  dark  with  considerable  difference  in 
voltage.  For  instance,  a  110- volt  lamp  is  dark  with  a  pressure  of 
20  to  25  volts. 

(6)  The  lamp  may  be  dark  owing  to  a  broken  filament. 

It  may  thus  happen,  with  this  arrangement,  that  the  machines 
are  placed  in  parallel  while  there  is  a  considerable  difference  of 
voltage  or  phase  existing,  and  an  excessive  rush  of  current  will 
result. 

A  method  not  open  to  the  above  objections  is  shown  in  Fig.  157. 
The  alternators  to  be  thrown  in  parallel  are  each  connected  to 
the  bus-bars  by  means  of  double-pole  switches.  Two  incandes- 
cent lamps,  of  the  machine  voltage,  are  cross-connected  as  shown. 
If  the  machines  are  in  phase  and  the  voltages  generated  are  equal 
in  value,  the  difference  of  potential  between  A  and  a  given  point 
is  the  same  as  that  between  A'  and  the  same  point;  likewise  B  and 
B'  have  the  same  relative  potential  values.  Hence  a  lamp  con- 
nected between  A  and  5'  would  bum  with  the  same  brilliancy  as 
if  connected  directly  across  AB^  which  is  also  true  of  the  other 
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lamp.  If,  however,  the  machines  happen  to  be  directly  opposite 
in  phase,  but  generating  voltage  of  the  same  value,  A  and  B'  are 
of  the  same  potential,  B  and  A'  being  also  of  equal  value;  hence 
lamps  cross-connected  as  in  Fig.  157  would  be  dark.  At  other 
phase  differences  the  lamps  will  glow,  but  not  as  brightly  as  when 
there  is  no  difference  in  phase.  Hence,  with  this  arrangement, 
the  machines  should  be  thrown  in  parallel  when  the  lamps  are 
on  the  verge  of  maximum  brightness,  a  condition  readily  deter- 
mined, but  not  possible  with  the  first  method. 

The  connections  as  shown  in  Figs.  156  and  157  are  not  directly 
applicable  to  high-tension  working,  but  require  the  introduc- 
tion of  transformers  as  shown  in  Fig.  158,  which  is  a  modification 
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Fig,  168.    A/Urnator  in  Parallel, 

of  Fig.  157.  The  secondaries  (of,  say,  50  volts  each)  should  be  con- 
nected in  series  with  each  other  and  to  one  100-volt  lamp.  When 
the  two  machines  are  opposed  in  phase,  the  lamp  is  dim.  If  the 
lamp  flickers  badly,  the  phase  is  not  right;  but  if  the  lamp  is  steady 
at  full  brightness,  the  machines  are  in  phase,  and  they  may  be 
connected  without  disturbing  the  circuit,  by  closing  the  main 
switch. 

If  alternators  are  rigidly  connected  to  each  other  or  to  the  engine, 
so  that  they  necessarily  run  exactly  together,  there  is  no  need  of 
bringing  them  into  step  each  time,  but  they  should  be  adjusted  to 
the  same  phase  in  the  first  place. 

The  connections  of  the  synchronizing  lamps  of  a  three-phase 
system  are  similar  to  those  for  a  single-phase  system.  For  instance, 
the  method  employed  in  Fig.  156  may  be  extended,  and  lamps 
coimected  as  in  Fig.  159.  If  the  three  lamps  simultaneously  become 
dark  or  bright,  the  connections  are  correct,  and  the  three  switches 
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may  be  closed  at  an  instant  of  darkness.  It  may  happen,  however, 
that  the  lamps  do  not  become  bright  or  dark  simultaneously,  but 
successively.  This  indicates  that  the  order  of  connection  of  the 
leads  of  one  machine  does  not  correspond  with  that  of  the  other. 
In  this  case,  transpose  the  leads  of  one  machine  until  the  proper 
or  simultaneous  action  of  the  lamps  is  obtained.  After  the  ma- 
chines have  been  properly  connected,  it  is  sufficient  to  synchronize 
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with  one  of  the  lamps.  Similarly,  with  high-tension  systems,  only  a 
single-phase  transformer  is  required,  connected  as  shown  in  Fig. 
160. 

Generators  in  Series. — ^This  arrangement  is  much  less  conmion 
than  parallel  working,  being  only  applied  to  series-wound  dynamos 
on  arc  circuits  and  to  "boosters"  (see  page  39).  The  conditions 
are  exactly  opposite  to  those  of  dynamos  in  parallel. 

To  connect  machines  in  series,  the  positive  terminal  of  one 
must  be  connected  to  the  negative  terminal  of  the  next ;  and  each 
must  have  a  current  capacity  equal 
to  the  maximum  current  on  the 
circuit,  but  they  may  differ  to  any 
extent  in  EM.F,  The  voltages  of 
machines  in  series  are  added  to- 
gether ;  and  therefore  danger  to 
persons,  insulation,  etc.,  is  in- 
creased in  proportion. 

Series-wound  dynamos  in  series 
are  connected  in  the  simple  way 
represented  in  Fig.  161,  but  usually  machines  connected  in 
series  are  for  arc  lighting ;  for  example,  when  two  dynamos,  each 
of  40  lights  capacity,  are  run  on  one  circuit  of  80  lamps,  in  which 


ng,  191. 
StHet-Woitnd  Dynamos  In  Strht, 


THE  PRACTICAL  MANAGEMENT    OF  DYNAMOS.  367 

case  the  d3mamos  usually  have  some  form  of  regulator.  These 
regulators  do  not  ordinarily  work  well  together,  because  they 
** seesaw"  with  each  other.  This  difficulty  may  be  overcome, 
either  by  connecting  the  regulators  so  that  they  must  work 
together,  or  by  setting  one  regulator  to  give  full  E.M,F,f  and 
allowing  the  other  to  control  the  current.  This  latter  plan  can 
only  be  followed  when  the  variation  in  load  does  not  exceed  the 
capacity  of  the  regulating-machine. 

Shunt  or  compound  dynamos  in  series  run  well  provided  the 
shunt  field-coils  are  connected  together  to  form  one  shunt  across 
both  machines.  If  the  machine  is  compound,  the  series-coils  must 
be  connected  in  series  in  the  main  circuit.  Another  plan  is  to 
connect  each  shunt-field  so  that  it  is  fed  only  by  the  armature  of 
the  other  machine ;  or  both  the  shunt-coils  may  be  connected  so 
as  to  be  fed  by  one  armature,  the  series-coils  being  in  the  main 
circuit,  as  before. 

Alternators  in  Series,  —  The  synchronizing  tendency  which 
makes  it  possible  under  certain  circumstances  to  run  alternators 
in  parallel,  causes  them  to  get  out  of  step  and  become  opposed  to 
each  other  when  it  is  attempted  to  put  them  in  series.  It  is  there- 
fore impracticable  to  put  them  in  series  unless  their  shafts  are 
rigidly  connected  together,  so  that  they  must  run  exactly  in  phase, 
and  add  their  waves  of  current,  instead  of  counteracting  each 
other.     This  is  a  case  that  rarely  arises  in  practice. 

Dynamos  on  the  Three-wire  System  (Direct  Current).  —  In  the 
ordinary  three-wire  system  for  incandescent  lighting,  no  particular 
precautions  are  required  in  starting  or  connecting  dynamos.  As 
a  matter  of  fact,  the  two  sides  of  the  system  are  almost  inde- 
pendent of  each  other,  and  form  practically  separate  circuits,  for 
which  the  middle  or  neutral  wire  acts  as  a  common  conductor. 
There  is,  however,  a  tendency  for  the  dynamos  to  be  reversed  in 
starting  up,  shutting  down,  or  in  case  of  a  serious  short  circuit. 
This  may  be  avoided  by  exciting  the  field-coils  of  all  the  dynamos 
from  one  side  of  the  system,  or  by  means  of  a  separate  dynamo. 

DIRECTIONS  FOR  RUNNING  DYNAMOS. 

When  a  dynamo  has  been  properly  started,  it  usually  requires 
very  little  attention  while  running ;  and  it  often  runs  well  all 
day  without  any  care  whatever. 
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In  the  case  of  a  machine  which  has  not  been  run  before,  or  has 
been  changed  in  any  way,  it  is  wise  to  watch  it  closely  at  first. 
It  is  also  well  to  give  the  bearings  of  a  new  machine  plenty  of 
oil  in  the  beginning,  but  not  enough  to  get  on  the  armature,  com- 
mutator, or  any  part  that  would  be  injured  by  it ;  and  the  belt 
ought  to  be  rather  slack  until  the  bearings  have  gotten  into  easy 
working  condition.  If  possible,  a  new  machine  should  be  run 
without  load,  or  with  a  light  one,  for  several  hours ;  and  it  is 
always  wrong  to  start  a  new  machine  with  its  full  load,  or  even  a 
large  fraction  of  it.  This  is  true  even  if  the  machine  has  been 
fully  tested  by  its  manufacturer  and  is  in  perfect  condition,  because 
there  may  be  some  fault  in  setting  it  up  which  would  cause  trouble. 
All  machinery  requires  some  adjustment  and  care  for  a  certain 
time  to  get  it  into  smooth  working  order. 

The  person  in  charge  should  always  be  ready  and  sure  to  de- 
tect the  beginning  of  any  trouble,  such  as  sparking,  the  heating 
of  any  part  of  the  machine,  noise,  abnormally  high  or  low  speed, 
etc.,  before  any  injury  is  caused,  and  to  overcome  it  by  following 
the  directions  given  later. 

Special  care  should  be  observed  by  any  one  who  runs  a 
dynamo  to  avoid  overloading  it,  because  this  is  the  cause  of  most 
of  the  troubles  which  occur. 

Persoaal  Safety.  —  Never  allow  the  body  to  form  part  of  a 
circuit.  While  handling  a  conductor,  a  second  contact  may  be 
made  accidentally  through  the  feet,  hands,  knees,  or  other  part  of 
body,  in  some  peculiar  and  unexpected  manner.  For  example, 
men  have  been  killed  because  they  touched  a  "live"  wire  while 
standing  or  sitting  upon  a  conducting  body. 

Rubber  gloves  or  rubber  shoes,  or  both,  should  be  used  in 
handling  circuits  of  over  500  volts.  The  safest  plan  is  not  to 
touch  any  conductor  while  the  current  is  on;  and  it  should  be 
remembered  that  the  current  may  be  present  when  not  expected^ 
due  to  an  accidental  contact  with  some  other  wire  or  to  a  change 
of  connections.  Tools  with  insulated  handles,  or  a  dry  stick  of 
wood,  should  be  used  instead  of  the  bare  hand. 

The  rule  to  use  only  one  hand  when  handling  dangerous  electri- 
cal conductors  or  apparatus  is  a  very  good  one ;  because  it  avoids 
the  chance,  which  is  very  great,  of  making  contacts  with  both 
hands,  and  getting  the  full  current  directly  through  the   body. 
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The  above  precautions  are  often  totally  disregarded,  particularly 
by  those  who  have  become  careless  by  familiarity  with  dangerous 
currents.  The  result  of  this  has  been  that  almost  all  the  persons 
€u:cidentally  killed  by  electricity  have  been  experienced  electricians 
cr  electrical  workmen, 

DIRECTIONS  FOR  STOPPING  DYNAMOS. 

Dynamos  may  be  stopped  by  following  substantially  the  same 
directions  as  those  given  for  starting  them,  but  in  the  reverse 
order. 

A  generator  operating  alone  on  a  circuit  can  be  slowed  down 
and  stopped  without  touching  the  switches,  brushes,  etc.,  in  which 
case  the  current  gradually  decreases  to  zero ;  and  then  the  connec- 
tions can  be  opened  or  changed  without  sparking  or  other  diffi- 
culty. 

When,  however,  a  dynamo  is  working  in  parallel  with  others,  or 
with  a  storage  battery,  it  must  not  be  stopped  or  reduced  in  speed 
until  it  is  entirely  disconnected  from  the  circuit,  otherwise  it  will 
act  as  a  short-circuit.  Furthermore,  the  current  generated  by  it 
should  be  reduced  nearly  to  zero  before  its  switch  is  opened. 
This  is  usually  accomplished  by  adjusting  the  field-regulators  of 
either  direct-  or  alternating-current  machines. 

A  constant-current  dynamo  may  be  cut  into  or  out  of  circuit 
in  series  with  others,  and  can  be  slowed  down  or  stopped,  or 
its  armature  or  field  coils  may  be  short-circuited  to  prevent  the 
action  of  the  machine,  without  disconnecting  it  from  the  circuit. 
It  IS  absolutely  necessary,  however,  to  preserve  the  continuity  of 
the  circuit,  and  not  attempt  to  open  it  at  any  point,  as  it  would 
produce  a  dangerous  arc.  Hence  a  path  must  be  provided  by 
closing  the  main  circuit  around  or  past  the  dynamo  before  discon- 
necting it.  The  same  rule  applies  to  any  lamp,  motor,  or  other 
device  on  a  constant-current  circuit. 

It  will  be  observed  that  in  all  cases  the  generator  should  not 
be  disconnected  until  its  current  is  reduced  to  an  insignificant 
value ;  and  never,  except  in  an  emergency,  should  a  circuit  be 
opened  at  full  or  even  half  load,  for  the  reason  that  the  flash  at 
the  contact  points,  discharge  of  magnetism,  and  mechanical  shock 
which  result  are  decidedly  objectionable. 

Immediately  after  a  machine  is  stopped,  it  should  be  thoroughly 
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cleaned,  and  put  in  condition  for  the  next  run ;  since  this  can  be 
done  much  more  easily  while  it  is  still  warm.  When  not  in  use» 
machines  should  be  protected  from  dirt  and  moisture  by  covers  of 
rubber,  oiled  canvas,  or  enamel  cloth. 

DKSBASBS  OP  DYNAMOS. 

In  the  work  by  Dr.  S.  S.  Wheeler  and  the  author,  to  which  ref- 
erence was  made  in  the  beginning  of  this  chapter,  the  subject  of 
"  Locating  and  Remedying  Troubles  in  Dynamos  and  Motors " 
is  treated  in  detail,  about  seventy  pages  being  devoted  to  it.  It 
is  impossible  to  devote  much  space  to  this  matter  in  the  present 
volume;  but  its  importance  is  such  that  the  list  of  possible 
troubles  is  herein  given,  and  whenever  feasible  the  symptoms 
and  remedies  have  also  been  included. 

It  is  evident  that  the  subject  is  somewhat  complicated,  and 
difficult  to  handle  in  a  general  way,  since  so  much  depends  upon 
the  particular  conditions  in  any  given  case.  Nevertheless,  it  is 
quite  remarkable  how  much  can  be  covered  by  a  systematic  state- 
ment of  the  matter. 

It  frequently  happens  that  a  trifling  oversight,  such  as  allowing 
a  wire  to  slip  out  of  a  binding-post,  will  cause  as  much  annoyance 
and  delay  in  the  use  of  electrical  machinery  as  the  most  serious 
accident.  Other  troubles,  equally  simple,  but  not  as  easily  de- 
tected, are  of  frequent  occurrence.  In  such  cases  a  very  slight 
knowledge  on  the  part  of  the  man  who  runs  a  dynamo  will  enable 
him  to  overcome  the  difficulty  immediately,  and  save  much  time,, 
trouble,  and  expense. 

It  should  be  remembered  by  those  in  charge  that  it  is  usually 
better  to  stop  the  machine  when  any  trouble  manifests  itself^ 
even  though  the  difficulty  does  not  seem  to  be  very  serious, 
because  it  is  very  likely  to  develop  into  something  worse.  There 
are,  of  course,  many  cases,  particularly  in  electric  lighting,  when 
it  is  almost  impossible  to  shut  down ;  but  even  then  spare 
machines  should  always  be  ready  to  be  quickly  substituted  for 
the  defective  one.  The  continued  use  of  faulty  apparatus  is  too 
common  a  practice,  and  is  often  inexcusable.  Neglect  and  care- 
lessness with  any  machine  are  usually  and  deservedly  followed  by 
accidents  of  some  sort. 

The  general  plan  here  followed  is  to  divide  all  troubles  which 
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may  occur  to  dynamos  into  eight  classes,  the  headings  of  which 
are  the  most  important  and  obvious  bad  effects  produced  in  these 
machines ;  viz. :  — 

1.  Sparking  at  the  Commutator, 

2.  Heating  of  Commutator  and  Brushes. 

3.  Heating  of  Armature. 

4.  Heating  of  Fieldr-magnets. 
6.  Heating  of  Bearings. 

6.  Noisel 

7.  Speed  too  Low. 

8.  Failure  to  Generate. 

Any  one  of  these  general  efifects  is  very  evident,  even  to  the 
casual  observer,  and  each  one  of  them  is  perfectly  distinguishable 
from  any  of  the  others,  thus  eliminating  about  seven-eighths  of 
the  possible  cases.  The  next  step  is  to  find  out  which  particu- 
lar one  of  eight  or  ten  causes  in  this  class  is  responsible  for  the 
trouble.  This  requires  more  careful  examination ;  but,  neverthe- 
less, it  can  be  done  with  comparative  ease  in  most  cases. 

SPARKING   AT   THE   COMMUTATOR. 

This  is  one  of  the  most  common  troubles ;  the  objection  to  it 
being  that  it  wears,  or  may  even  destroy,  the  commutator  and 
brushes,  and  produces  heat,  which  may  injure  the  armature  or 
bearings.  Any  machine  having  a  commutator  is  liable  to  it,  in- 
cluding practically  all  direct-current,  and  some  alternating-current, 
machines.  The  latter  have  continuous  collecting-rings  which  are 
not  likely  to  spark,  but  self-exciting  or  compound-wound  alter- 
nators require  a  supplementary  continuous-current  commutator 
that  may  spark.  This  trouble  can  be  prevented  in  most  cases, 
however,  by  proper  construction  and  care.  The  following  causes 
of  sparking  apply  to  nearly  all  machines,  and  they  cover  closed- 
coil  dynamos  especially. 

The  very  peculiar  cases  which  may  arise  in  the  particular  t)rpes 
of  open-coil  armatures  (Brush  and  Thomson-Houston)  can  only  be 
reached  by  special  directions  for  each.  A  certain  amount  of  spark- 
ing occurs  normally  in  most  constant-current  dynamos  for  series  arc 
lighting,  where  it  is  not  very  objectionable,  since  they  are  designed 
to  stand  it,  and  the  current  is  small. 
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The  principles  and  conditions  relating  to  sparking  are  given 
in  Chapter  XVII.  See  also  article  on  "  Sparking  of  Closed-coU 
Dynamos,"  by  G.  F.  Hanchett,  Electrical  World,  Dec.  29,  1894. 

1.  Cause.  —  Armature  carrying  too  much  current,  due  to  {a) 
overload  (for  example,  too  many  lamps  fed  by  the  dynamo) ;  {b) 
short  circuit  on  the  conductors;  {c)  excessive  voltage  on  a  con- 
stant-potential circuit,  or  excessive  amperes  on  a  constant-current 
circuit. 

2.  Brushes  not  set  at  the  neutral  point, 

3.  Commutator  rough,  eccentric,  or  has  one  or  more  "  high  bars  " 
projecting  beyond  the  others,  or  one  or  more  flat  bars,  com- 
monly called  "  flats,"  or  projecting  mica,  any  one  of  which  causes 
brush  to  vibrate,  or  to  be  actually  thrown  out  of  contact  with 
commutator. 

Remedy.  —  Smooth  the  commutator  with  a  fine  file  or  fine 
sandpaper,  the  latter  being  applied  by  a  block  of  .wood  which 
exactly  fits  the  commutator  (be  careful  to  remove  any  sand  or 
copper  dust  remaining  afterward  ;  and  never  use  emery).  If  com- 
mutator is  very  rough  or  eccentric,  the  armature  should  be  taken 
out  and  put  in  a  lathe,  and  the  commutator  turned  off.  Large 
machines  sometimes  have  a  slide-rest  attachment,  so  that  the 
commutator  can  be  turned  off  without  removing  the  armature 
from  its  bearings. 

In  turning  a  commutator  in  the  lathe,  a  diamond-pointed  tool 
should  be  used,  having  a  very  sharp  and  smooth  edge,  and  only 
an  exceedingly  fine  cut  should  be  taken  off  each  time.  The 
surface  is  then  finished  by  applying  a  "dead  smooth"  file  while 
the  commutator  revolves  rapidly  in  the  lathe.  Any  particles  ot 
copper  should  then  be  carefully  removed  from  between  the  bars. 
Sometimes  a  very  little  vaseline,  or  a  drop  of  oil,  maybe  applied 
to  a  commutator  which  is  rough.  Too  much  oil  is  very  bad,  and 
causes  the  following  trouble  :  — 

4.  Brushes  make  poor  contact  with  commutator;  that  is,  they 
touch  only  at  one  corner,  or  only  in  front  or  behind,  or  there  is 
dirt  on  surface  of  contact.  Sometimes,  owing  to  the  presence  of 
too  much  oil,  or  from  other  cause,  the  brushes  and  commutator 
become  very  dirty.     Insufficient  pressure  also  gives  poor  contact. 

6.  Short-circuited  or  reversed  coils  in  armature,  —  The  former 
become  heated  even  after  a  few  minutes'  run. 
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6.  Broken  circuit  in  armature, 

7.  "  Grounds  "  in  armature  (i.e.,  accidental  contact  between  the 
conductors  and  the  core).  See  paper  on  "  Location  of  Grounds  in 
Armatures,  Fields,"  etc.,  read  by  C.  E.  Gifford  before  Amer.  Inst. 
Elec.  Eng.,  June  25,  1895. 

8.  Cause. —  Weak  field-magnetism. 

Symptom.  —  Voltage  low,  pole-pieces  not  strongly  magnetic, 
non-sparking  point  of  brushes  shifted  from  normal  position. 

Remedy.  —  In  a  shunt-wound  machine  this  trouble  is  probably 
due  to  a  poor  contact,  or  other  excessive  resistance  in  the  field- 
circuit. 

9.  Unequal  distribution  of  magnetism,  —  One  pole-tip  is  much 
weaker  than  the  other  (of  the  same  pole-piece),  due  to  too  great 
armature  reaction  compared  with  M.M.F.  of  field-magnet. 

10.  Very  high  resistance  brush.  —  A  carbon  brush  may  have 
too  high  resistance  to  make  sufficiently  good  contact. 

11.  Vibration  of  machine^  usually  due  to  imperfect  balance  of 
armature  or  pulley  or  to  a  faulty  belt. 

12.  Chatter  of  brushes.  —  This  occurs  with  carbon  brushes, 
particularly  when  they  are  radial,  and  if  commutator  is  sticky. 

Remedy.  —  A  very  little  oil  will  usually  stop  it. 

13.  Pulsations  of  current.  —  Variations  in,  or  surgings  of,  the 
current,  due  to  action  of  engine  governor  or  other  cause. 

14.  ^^ Flying''  breaks  or  short  circuity  in  armature  conductors^ 
which  only  exists  when  armature  is  running,  and  is  usually  due 
to  centrifugal  force. 

HEATING    IN    DYNAMO. 

The  degree  of  heat  that  is  injurious  or  objectionable  in  a  dy- 
namo or  motor  is  easily  determined  by  applying  the  hand  to  the 
various  parts.  If  the  heat  is  bearable,  it  is  entirely  harmless. 
But  if  the  heat  is  unbearable  for  more  than  a  few  seconds,  the 
safe  limit  of  temperature  has  been  passed,  except  in  the  case  of 
commutators  in  which  solder  is  not  used.  In  testing  with  the 
hand,  allowance  should  always  be  made  for  the  fact  that  bare 
metal  seems  much  hotter  than  cotton,  etc.  If  the  heat  has 
become  so  great  as  to  produce  an  odor  or  smoke,  the  safe  limit 
has  been  far  exceeded,  and  the  current  should  be  shut  oflf,  and 
the  machine  stopped  immediately,  as  this  indicates  serious  trouble. 
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The  effect  of  heat  on  the  insulation  of  wires,  and  the  tempera- 
ture at  which  it  is  injured,  have  been  investigated  by  Reeve.* 
Neither  water  nor  ice  should  ever  be  used  to  cool  electrical  ma- 
chinery, except  possibly  the  bearings  of  large  machines,  where  it 
can  be  applied  without  danger  of  wetting  the  other  parts. 

Determining  heat  by  feeling  will  answer  in  ordinary  cases ; 
but  the  sensitiveness  of  the  hand  differs,  and  it  makes  a  great 
difference  whether  the  surface  is  a  good  or  bad  conductor  of 
heat.  The  back  of  the  hand  is  more  sensitive  and  less  variable 
than  the  palm  for  this  test.  For  more  accurate  results  a  thermom- 
eter should  be  applied,  and  covered  with  a  small  pad  of  cloth  or 
waste.  The  surface  temperature  of  any  portion  of  the  machine 
should  not  rise  more  than  40®  C.  or  72**  F.  above  that  of  the  sur- 
rounding air,  except  commutators  and  collector  rings,  for  which  55*^ 
C.  rise  is  allowed.  The  proper  determination  of  heating  in  electrical 
apparatus  is  by  resistance  measurements,  as  stated  in  Chap.  XVII. 

It  is  important  to  locate  the  heat  where  it  is  produced.  A  hot 
bearing  may  cause  the  armature  or  commutator  to  heat,  or  vice 
versa;  hence  all  parts  should  be  tested,  to  ascertain  which  is  the 
hoUest.  It  is  more  definite  to  start  with  the  machine  perfectly  cool, 
and  any  serious  trouble  is  usually  perceptible  after  a  few  minutes' 
run  at  full  speed  with  the  field-magnet  excited. 

HEATING    OF    COMMUTATOR    AND    BRUSHES. 

1.  Cause.  —  Hea^  produced  in  the  armature^  bearings  or  field- 
coils. 

2.  Sparking.  —  Any  of  the  causes  of  sparking  already  given 
will  produce  heating. 

3.  Tendency  to  sparky  or  slight  sparking  not  visible. 

4.  Overheated  commutator  may  disintegrate  carbon  brushes, 
and  cover  commutator  with  a  black  film  which  offers  resistance 
and  aggravates  the  heat. 

5.  Bad  connectiofis  in  brush-holder, 

6.  Arcing  or  short  circuit  in  commutator  across  mica,  or  insu- 
lation between  bars  or  nuts. 

7.  Carbon  brushes  heated  by  the  current,  —  Carbon  brushes 
require  less  attention  than  copper,  because  they  do  not  "  cut  ** 

♦  Electric  Power ^  June,  1896. 
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the  commutator,  and  their  resistance  prevents  the  development 
of  sparking ;  but  this  higher  resistance  causes  them  to  heat 
more  than  copper,  particularly  if  they  do  not  make  good  contact 
over  their  entire  surface. 


HEATING   OF    ARMATURE. 

If  the  armature  of  a  dynamo  is  allowed  to  run  as  a  motor 
without  load,  any  excess  of  current  taken  must  be  converted 
into  heat  by  some  defect ;  hence  this  current  is  the  best  indica- 
tion of  the  condition  of  a  machine.  It  is  easy  to  determine 
whether  an  armature  is  hot,  even  when  running,  by  placing  the 
hand  in  the  current  of  air  thrown  off  by  centrifugal  force. 

1.  Cause.  —  Excessive  current  in  armature  coils,  —  The  same 
as  Cause  1  for  Sparking. 

2.  Short-circuited  armature  coils,  —  The  same  as  Cause  5  for 
Sparking. 

3.  Moisture  in  armature  coils,  —  Similar  to  preceding,  but 
armature  is  more  uniformly  heated,  and  g^ves  off  vapor.  Should 
be  baked  for  several  hours  at  about  240°  F.  This  may  be  done 
in  an  oven,  near  a  fire,  or  by  passing  full  current  through  it. 

4.  Foucault  currents  in  armature  core,  —  This  is  a  matter  of 
first  construction.     (See  Chapter  XVII.) 

6.  Eddy  currents  in  armature  conductors,  —  Also  structural. 
(See  Chapter  XVIL) 

6.  Reversed  coils  on  one  side  of  armature ^  which  cause  a  local 
current  to  circulate  around  it.  A  small  current  is  sent  through 
the  armature  standing  still,  and  faulty  coil  will  show  reversed 
polarity  if  a  compass  is  slowly  passed  around  the  armature. 

7.  Heat  conveyed  from  other  parts,  (See  Heating  of  Commu- 
tator, Bearings,  and  Field.) 

8.  Flying  short  circuit  between  armature  conductors^  which  only 
exists  while  armature  is  running,  and  is  usually  due  to  centrifugal 
force. 

HEATING    OF   FIELD-MAGNETS. 

1.  Cause.  —  Excessive  current  in  field-coils,  —  Reduce  the  volt- 
age, or  increase  the  resistance,  of  a  shunt-field.  If  the  trouble 
is  due  to  a  short  circuit  in  one  coil,  that  one  will  be  cooler,  and 
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the  corresponding  pole-piece  will  be  magnetically  weaker,  than 
the  others  with  which  it  is  in  series. 

2.  Foucault  currents  in  pole-pieces.  —  A  structural  defect.  (See 
Chapter  XVII.) 

3.  Moisture  in  field-coils,  —  Similar  effect  to  Cause  1.  Treat- 
ment as  in  Cause  3  for  Armature  Heating. 

HEATING    OF    BEARINGS. 

If  the  bearing  is  very  hot,  the  shaft  should  be  kept  turning 
slowly,  as  it  might  "freeze,"  or  stick  fast,  if  stopped. 

1.  Cause.  — Lack  of  oil 

2.  Grit  or  other  foreign  matter  in  the  bearings, 

3.  Shaft  rough  or  cut, 

4.  Shaft  and  bearing  fit  too  tightly, 

6.  Shaft  sprung  or  bent^  in  which  case  it  turns  with  more 
difficulty  at  a  certain  part  of  its  revolution. 

6.  Bearings  out  of  line,  —  Shaft  turns  more  easily  if  screws 
which  hold  bearing  in  place  are  slightly  loosened. 

7.  Thrust  of  pulley y  collar^  or  shoulder  on  shaft  against  one  or 
both  of  the  bearings, 

8.  Too  great  strain  on  the  belt, 

9.  Armature  nearer  one  polepiece^  prodticing  greater  magnetic 
attraction  on  that  side, 

10.    Bearing  is  heated  by  hot  pulley,  commutator,  or  armature, 

NOISE. 

A  dynamo  may  seem  to  make  a  noise,  which  in  reality  is 
caused  by  the  engine  or  other  machinery  to  which  it  is  connected, 
but  listening  near  the  different  parts  will  show  where  the  sound 
originates. 

1.  Cause. —  Vibration  due  to  armature  or  pulley  being  out  of 
balance,     (See  Chapter  XVII.) 

2.  Armature  strikes  or  rubs  against  pole-pieces,  —  This  is 
detected  by  placing  the  ear  near  the  pole-piece,  by  examining  the 
armature  to  see  if  its  surface  is  abraded,  or  by  observing  the 
clearance  between  the  armature  and  field  while  the  former  is 
slowly  revolved. 
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3.  Shaft  collar  or  shoulder,  hub  or  edge  of  pulley,  or  belt,  strikes 
against  bearings. 

4.  Rattling  due  to  looseness  of  screws  or  other  parts, 

6.  Hummingy  squeaking,  or  hissing  of  brushes,  —  May  be  located 
by  placing  the  ear  near  the  commutator,  and  by  lifting  off  the 
brushes  one  at  a  time.  A  little  oil  usually  reduces  the  noise ;  but 
a  rough  commutator  should  be  made  smooth,  as  described  under 
Cause  3  of  Sparking. 

6.  Flapping  of  belt  or  pounding  of  joint  against  pulley, 

7.  Slipping  of  belt  on  pulley  because  of  overloads  producing  an 
intermittent  squeaking  noise. 

8.  Humming  of  armature  teeth  as  they  pass  edges  of  pole-pieces. 

9.  Humming  due  to  alternating  or  pulsating  current, 

SPEED   TOO   LOW. 

1.  Cause.  —  Overload,     (See  Cause  1,  Sparking.) 

2.  Short  circuit  in  armature.     (See  Cause  6,  Sparking.) 

3.  Armature  strikes  pole-pieces.     (See  Cause  2,  Noise.) 

4.  Shaft  does  not  revolve  freely.  (See  Heating  of  Bearings,  all 
cases.) 

FAILURE    TO   GENERATE. 

1.  Cause. — Residual  magnetism  too  weak  or  destroyed,  due  to  {a) 
vibration  or  jar ;  {b)  proximity  of  another  dynamo ;  {c)  earth's  mag- 
netism ;  {d)  accidental  reversed  current  through  fields,  not  enough 
to  completely  reverse  magnetism.  Actual  reversal  of  residual 
magnetism  may  be  very  objectionable,  as  in  case  of  charging  sto- 
rage batteries  ;  but,  although  the  popular  supposition  is  to  the  con- 
trary, it  will  not  cause  the  machine  to  fail  to  generate. 

2.  Reversed  connections  or  direction  of  rotation. 

3.  Short  circuit  in  the  machine  or  external  circuit  prevents  the 
voltage  of  a  shunt-wound  dynamo  from  building  up. 

4.  Field-coils  opposed  to  e€u:h  other,  in  which  case  the  pole-pieces 
will  be  of  the  same  instead  of  opposite  polarity  when  tested  with 
a  compass,  a  current  from  some  other  source  being  sent  through 
the  coils. 

6.    Open  circuit,  —  (a)  broken  wire  or  faulty  connection  in  the 
dynamo  itself ;  {b)  brushes  not  in  contact  with  the  commutator ; 
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(c)  safety-fuse  melted  or  absent ;    (rf)  switch  open ;    {e)  external 
circuit  open. 

In  all  the  other  cases  when  a  dynamo  fails  to  generate,  the 
field-magnetism  is  very  weak  ;  but  it  sometimes  happens  that 
the  magnetism  may  have  full  strength,  and  the  only  trouble  is 
the  simple  fact  that  a  switch  or  other  connection  is  open.  This 
is  determined  by  testing  the  field-magnets  with  a  piece  of  iron. 

6.  Brushes  not  in  proper  position,  —  The  correct  points  of  con- 
tact for  the  brushes  depend  upon  the  particular  kind  of  winding, 
and  no  general  rules  can  be  laid  down.  In  the  absence  of  definite 
knowledge,  the  points  on  the  commutator  having  the  greatest 
difference  of  potential,  as  determined  by  a  voltmeter,  are  the 
proper  positions  for  the  brushes. 

Bibliograplqr  of  the  Dynamo-Electric  Machinery. — A  number  of 
important  papers  and  articles  on  this  subject  have  already  been 
referred  to  in  the  last  four  chapters.  Among  the  prominent  books 
relating  to  the  dynamo  are  the  following: — 

Cox,  F.  P.,  Continuous  Current  Dynamos  and  Motors^  N.Y.,  1893. 

Crocker,  F.  B.,  and  S.  S.  Wheeler,  Practical  Management  of  Dynamos 
and  Motors y  New  York. 

Hawkins,  C.  C,  and  F.  Wallis,  The  Dynamo,  Third  Ed.  London,  1908. 

Hering,  C,  Principles  of  Dynamo- Electric  Machines,  N.Y.,  1888. 

HOPKINSON,  J.,  Original  Papers  on  Dynamo  Machinery,  N.Y.,  1893. 

Jackson,  D.  C,  Electromagnetism  and  the  Construction  of  Dynamos^  N.Y. 
and  London,  1893. 

Parshall.  H.  F..  and  H.  M.  Hobart.  Armature  Windings,  N.  Y.,  1895. 

Prescott.  G.  B.,  Dynamo  Electricity,  N.  Y.,  1890. 

Schellen,  H..  Magneto-Electric  and  Dynamo-Electric  Machines,  N.  Y.. 
1884. 

Sheldon,  S.,  Dynamo-Electric  Machinery,  Vol.  I.,  Direct  Current; 
Vol.  II.,  Alternating  Current.     N.  Y.,  1900  and  1902. 

Thompson,  S.  P.,  Dynamo-Electric  Machinery,  Seventh  Edition,  London 
and  N.  Y.,  1904. 

Thompson,  S.  P.,  Design  of  Dynamos,  N.  Y.  and  London,  1903. 

Weymouth,  F.  M..  Drum  Armatures  and  Commutators,  London,  1898. 

Wiener,  A.  E..  Dynamo-Electric  Machines,  N.  Y.,  1898. 


STORAGE  BATTERIES.  379 


CHAPTER    XX. 

8T0RAOB  BATTBRIB8.     PRINOIPLXIS,  OONSTRUOTION,  AND 
BffANAaBBCBNT. 

SxoiiAGE  or  secondary  batteries,  also  called  accumulators,  con- 
sist of  cells  in  which  a  chemical  change  is  brought  about  by  pass- 
ing an  electric  current  through  them,  thereby  rendering  them 
capable  of  giving  back  electrical  energy  by  discharging  them  imtil 
they  return  to  their  original  chemical  condition. 

Ordinarily  a  storage  battery  consists  essentially  of  two  sets 
of  plates  immersed  in  a  chemical  solution.  The  plates  are  of  metal 
or  metallic  compoimd,  and  the  solution  is  incapable  of  acting  upon 
them  until  an  electric  current  is  passed  from  one  plate  to  the  other. 
This  current  decomposes  the  electrolyte;  one  of  its  constituent 
elements  or  radicals  goes  to  one  plate,  and  the  remaining  constituent 
to  the  other,  so  that  when  the  passage  of  the  current  ceases  there 
are  two  chemical  elements  or  radicals  with  a  tendency  to  unite, 
and  upon  combination  the  energy  evolved  appears  as'  an  electric 
current,  which  flows  in  a  direction  opposite  to  that  of  the  charg- 
ing current.  The  flow  of  current  continues  until  the  cell  is  restored 
to  its  original  condition;  when  this  occurs  the  cell  is  said  to  be 
discharged  and  must  be  charged  again  or  regenerated  by  passing  a 
current  through  it,  as  before. 

A  Primary  Cell  is  one  in  which  electrical  energy  is  produced 
by  the  chemical  action  of  one  or  two  solutions  on  the  plates  of  the 
cell.  When  the  solutions  or  plates  or  both  are  exhausted,  they  are 
replaced  by  new  ones  and  are  not  restored  to  their  original  condition 
by  the  passage  of  an  electrical  current.  The  ability  to  be  electric- 
ally regenerated,  known  as  reversibility,  is  the  fundamental  differ- 
ence between  storage  and  primary  cells. 

In  1802,  soon  after  the  .'nvention  of  the  primary  cell  by  Volta, 
Gautherot  demonstrated  the  fact  that  platinum  wires,  after  being 
used  to  electrolize  saline  solutions,  were  abie  to  produce  secondary 
currents.    Volta,   Ritter,  Davy,  and  others  noted  similar  effects, 
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the  phenomenon  being  what  is  commonly  called  polarization.  In 
1869  Plants  under.ook  a  series  of  experiments  with  the  object 
of  magnifying  this  eflFect  and  finally  developed  the  Plants  type  of 
storage  battery;  nearly  all  successful  types  of  the  present  day 
being  based  upon  it. 

Types  of  Storage  Batteries: 

Plants. 

Faure. 

Combination  of  Plants  and  Faure. 

Non-lead. 

PLAirr^  BATrXBY. 

This  cell  was  originally  made  by  placing  two  plates  of  metallic 
lead  in  a  vessel  containing  dilute  sulphuric  acid.  These  plates  were 
connected  to  an  electric  generator,  and  a  current  sent  through  the 
cell,  which  decomposed  the  electrolyte  and  oxidized  the  positive 
plate.  The  cell  was  then  discharged;  but  the  energy  obtained  was 
very  small,  the  action  being  confined  to  the  immediate  surface  of  the 
plates.  By  repeated  charging  and  discharging  first  in  one  direction 
and  then  in  the  other,  the  oxidation  penetrated  deeper  and  deeper 
into  both  plates,  thus  increasing  the  storage  capacity  of  the  cell. 

The  chief  difficulty  with  the  Plants  battery  was  the  great  length 
of  time  required  for  ** forming"  the  plates,  which  as  just  explained 
consists  in  converting  the  surface  of  the  plates  into  active  materials 
by  repeated  charging  and  discharging.  This  takes  a  long  time  and 
is  expensive,  as  it  requires  a  large  consumption  of  electrical  energ>\ 
Plants  hastened  this  forming  process  by  pickling  the  plates  in  dilute 
nitric  acid,  then  washing  them  in  a  10  per  cent  sulphuric  acid  solu- 
tion, after  which  they  were  electrically  formed. 

In  1881  Faure  devised  the  method  of  pasting  the  lead  oxide 
or  active  material  directly  upon  the  plates.  This  largely  avoids 
the  tedious  forming  process;  but  the  plates  thus  produced  are  not 
as  durable  as  the  Plants  elements,  being  more  likely  to  disinte- 
grate and  buckle,  because  the  paste  is  not  an  integral  part  of  the 
plate  and  there  is  considerable  difference  in  the  coefficients  of  ex- 
pansion of  lead  and  of  the  oxide. 

General  Principles  of  the  Storage  Battery. — ^Any  primary  bat- 
tery will  act  as  a  storage  battery  provided  its  chemical  action  is 
reversible.  The  ordinary  gravity  cell,  for  example,  may  be  regen- 
erated by  sending  a  current  through  it  in  the  direction  opposite 
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to  that  of  the  current  produced  by  it.  The  zinc  sulphate  and  the 
metallic  copper  are  thus  reconverted  into  metallic  zinc  and  sulphate 
of  copper  respectively,  the  chemical  action  being 

ZnS04+  Cu+  Electricity = Zn+  CUSO4, 

which  is  exactly  the  reverse  of  the  action  in  the  primary  cell.  There 
are,  however,  practical  difficulties  in  the  continued  recharging  of 
a  spent  gravity  cell,  due  to  the  ultimate  mixture  of  the  sulphate 
solutions,  so  that  the  copper  salt  reaches  the  negative  electrode,  where 
the  metal  is  deposited  and  sets  up  destructive  local  action.  In  some 
forms  of  primary  cells,  the  chemical  action  liberates  a  gas  that 
escapes,  so  that  the  action  is  irreversible. 

Chemical  Action  in  Lead  Storage  Batteries. — ^The  exact  nature 
of  the  chemical  changes  which  occur  in  lead  batteries  is  not  yet 
fully  established.  Plants  believed  the  charging  action  to  consist 
in  the  formation  of  peroxide  of  lead  (PbO,)  on  the  positive  plate, 
and  metallic  lead  on  the  negative,  which  were  converted  into  lead 
oxide  (PbO)  on  both  plates  by  the  discharge.  Some  authorities 
still  maintain  this  to  be  the  chief  reaction;  but  it  has  been  shown 
by  Gladstone  and  Tribe,*  and  corroborated  by  subsequent  investi- 
gations, that  the  formation  of  lead  sulphate  plays  an  imp)ortant  part.t 

The  principal  reaction  may  be  represented  as  follows: — 


Positive  Plate         Electrolyte.        N 

egative  Plate. 

Charged  Condition        PbO,        +        2H,SO,     + 

Pb 

Discharged      "             PbSO,      +       2H,0         + 

T>bSO, 

Discharging  "                                 < « 

According  to  the  above  equations,  the  active  material  on  both 
plates  is  converted  into  lead  sulphate  when  the  battery  is  dis- 
charged. The  reasons  for  believing  this  to  occur  are:  /ir^/,  chemical 
analysis  shows  that  lead  sulphate  exists  in  the  discharged  plate; 
second,  the  density  of  the  electrolyte  decreases  during  the  discharge 
of  the  cell,  corresponding  to  the  consumption  of  sulphuric  acid  and 
the  formation  of  water  as  shov.n  in  the  above  reactions;  thirdy  on 
thermochemical  grounds,  the  energy  produced  by  the  formation  of 

♦  Nature,  Jan.  6,  March  16,  July  13,  Oct.  13,  1882,  and  April  19,  1883. 

i  Electrician  (Lond.),  beginning  Sept.,  1894;  also  Eiearicity  (N.  Y.),  beginning 
Oct.  10,  1894,  by  E.  J.  Wade.  Journal  Institution  of  EleU.  Eng.,  vol  xix.,  by 
VV.  E.  Ayrton. 
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lead  sulphate  from  metallic  lead  and  the  peroxide  corresponds  with 
the  E.M.F.  obtained. 

Storage  Batteries  of  the  Plants  Type.  -It  was  noted  that  the 
serious  objection  to  the  Plants  battery  was  the  great  length  of  time 
necessary  to  form  the  plates,  and  how  Plants  treated  them  with 
nitric  acid  to  hasten  this  action.  Other  methods  are  used  to  obtain 
a  quickened  formation,  and  are  tabulated  as  follows: — 

1.  Mechanical   Action:    Laminated    plates,  made    up    of    lead 

ribbons  or  built  up  of  lead  wires,  etc.    The  surface  of  the 
plate  is  grooved  with  some  forming  tool. 

2.  Chemical:  Treating   the  plates   in   some  pickling   bath,  to 

produce  initial  oxidation. 

3.  Electrolytic:   Forming  a  plate  of  some  comp)oimd  of  lead  or 

an  alloy,  and  either  reducing  the  comp)ound  or  eating  the 
foreign  matter  away,  leaving  a  p)orous  lead  plate. 
The  Gould  Storage  Battery.— This  battery  is  made  by  the 
Gould  Electric  Storage  Battery  Company,  and  the  plates  are  pro- 
duced by  a  combination  of  the  first  and  third  methods.  The  plates  or 
blanks  are  placed  in  steel  frames  and  passed  between  two  revolving 
shafts  whicn  carry  disks  that  cut  the  surface  as  shown  in  Fig.  162. 


T 


Ftg,  162.    Qould  Storag^-BaHery  Plate. 


No  lead  is  removed  by  this  process,  but  the  surface  is  ploughed  up. 
It  is  then  subjected  to  electrochemical  treatment  to  form  the  active 
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material.  The  completed  cells  range  in  size  from  a  cell  of  three 
plates  3  by  3  inches,  to  one  of  one  hundred  and  five  plates  each 
15.5  by  31  inches,  and  in  capacity  from  five  to  seventeen  thousand 
ampere-hours. 

The  curves  shown  in  Fig.  163  are  obtained  from  tests  of  a  cell 
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Fig.  168,    Di9oharg%  Curo9  of  a  Oould  Type  Cell, 

containing  plates  each  15.5  by  31  inches,  and  101  in  number,  made 
for  the  Pan-American  Exposition.  The  weight  of  this  battery 
complete  is  about  7,050  pounds. 

The  Crompton-Howell  Battery. — ^A  standard  form  successfully 
used  in  England  is  of  the  Plants  type,  the  plates  being  composed 
of  a  p)orous  crystalline  lead,  made  according  to  method  3  and  after- 
wards "formed"  by  repeated  charges  and  discharges.  The  dimen- 
sions of  the  plates  are  9  by  9  inches  by  J  inch,  and  the  different  sizes 
of  cell  are  made  up  by  varying  the  number  of  plates.  A  cell  of  this 
type  with  sixty-one  plates  can  maintain  a  discharge  of  1,000  amperes 
for  thirty  minuted  without  a  serious  fall  in  p)otentiaL 


VATTBm  TYFX8  OF  STOBAQ'S  BATTXSBT. 

As  already  stated,  the  difficulty  with  the  Faure  type  is  the  ten- 
dency to  disintegrate  or  buckle.  Various  means  intended  to  in- 
crease the  adhesion  of  the  active  material  have  been  suggested,  of 
which  the  most  important  are  as  follows: 

1.  Plates  are  grooved,  roughened,  or  "pocketed." 

2.  Plates  are  entirely  perforated,  the  holes  being  circular,  or 
rectangular,  and  varying  in  cross-section;  some  have  a  uniform 
section  through  the  grid  A,  Fig.  164,  others  are  contracted  at  the 
center  5,  and  they  have  also  been  expanded  at  the  center  of  the 
gridC. 

3.  The  active  materials  may  be  inclosed  in  either  a  conducting 
or  non-conducting  cage. 
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4.  The  plates  may  be  made  up  entirely  of  active  material 
Faure  cells  usually  have  a  greater  output  for  a  given  weighty 


^  YM^  Dipi^rmd  CroBB-SMeUona  of  FwiM  Plat§  P§rforaUom» 

that  is,  a  higher  weight  eflSciency,  than  Plants  types,  because  the 
proportion  of  active  material  may  be  made  larger. 

The  E.  ?•  S.  Battery  is  one  of  the  most  important  of  the  Faure 
type,  its  name  being  the  initials  of  the  Electric  Power  Storage  Com- 
pany, by  which  it  is  manufactured  in  England. 

The  plates  consist  of  lead  grids  cast  in  an  iron  mold,  and  have 
the  cross-section  shown  in  Fig.  165.    The  later  types  have  a  thin 


Fl9.ie5.    £.  p.  8.  BattBTM  Plaf, 

perforated  strip  of  lead  running  across  each  opening  midway  be- 
tween the  edges.  The  holes  A  in  the  grid  are  completely  filled 
with  a  paste  of  red  lead  or  minium  (PbjO^)  and  dilute  sulphuric 
acid  for  the  positive,  while  the  paste  for  the  negative  consists  of 
minium,  or  litharge  (PbO)  and  dilute  sulphuric  acid  or  magnesium 
sulphate  solution.  These  pastes  are  pressed  into  the  grids  and 
dried.  The  plates  are  hardened  in  dilute  sulphuric  acid,  after 
which  they  are  ready  for  forming.  A  strong  current  for  48  hours 
is  required  for  the  positive  plate  and  for  24  hours  in  the  case  of 
the  negative  plate. 


OOKBINATIOirS  Ol*  PIiANTlS  AND  FAUBB  T7PB8. 

The  Chloride  Battery,  manufactured  by  the  Electric  Storage 
Battery  Company  of  Philadelphia,  is  a  compromise  between  the 
Plants  and  Faure  types,  the  positive  being  of  the  Plants  type  and 
the  negative  of  practically  the  Faure  type. 

The  principal  features  in  the  manufacture  of  this  battery  are 
as  follows:   The  first  step  is  the  production  of  finely  divided  lead 
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ivhich  is  made  by  directing  a  blast  of  air  against  a  stream  of  the 
molten  metal,  producing  a  spray  of  lead  which  up)on  cooling  falls 
418  a  powder.  This  powder  is  dissolved  in  nitric  acid  (HNO,)  and 
precipitated  as  lead  chloride  (PbCl,)  on  the  addition  of  hydro- 
chloric acid  (HCl).  This  chloride  washed  and  dried  forms  the 
basis  of  the  material  which  afterwards  becomes  active  in  the  neg- 
ative plate  By  Fig.   166.    The  lead  chloride  is  mixed  with  zinc 


F\g.  166.    Th9  Chiorld9  Battery, 

chloride,  and  melted  in  crucibles,  then  cast  into  small  pastiles  or 
tablets  about  \  inch  square  and  of  the  thickness  of  the  negative 
plate,  which  according  to  the  size  of  the  battery  varies  from  \  inch 
to  x'i  inch.  These  tablets  are  then  put  in  molds  and  held  in  place 
by  pins,  so  that  they  clear  each  other  by  .2  inch  and  are  at  the  same 
distance  from  the  edges  of  the  mold.  Molten  lead  is  then  forced 
into  the  mold  under  about  seventy-five  pounds  pressure,  com- 
pletely filling  the  space  between  the  tablets.  The  result  is  a  solid 
lead  grid  holding  small  squares  of  active  material.  The  lead  chlo- 
ride is  then  reduced  by  stacking  the  plates  in  a  tank  containing 
a  dilute  solution  of  zinc  chloride,  slabs  of  zinc  being  alternated  with 
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them.  This  assemblage  of  plates  constitutes  a  short-circuited  cell, 
the  lead  chloride  being  reduced  to  metallic  lead.  The  plates  are 
then  thoroughly  washed  to  remove  all  traces  or  zinc  chloride. 

A  later  form  of  negative  plate  consists  of  a  "pocketed"  grid, 
the  opening  being  fiUed  with  a  litharge  paste;  this  is  then  covered 
with  perforated  lead  sheets,  which  are  soldered  to  the  grid.  The 
positive  plate  (-4,  Fig.  166)  is  a  firm  grid,  composed  of  lead  alloyed 
with  about  5  per  cent  of  antimony,  about  ^  inch  thick,  with  cir- 
cular holes  W  inch  in  diameter,  staggered  so  that  the  nearest 
points  are  .2  inch  apart.  Corrugated  lead  ribbons  W  inch  wide 
are  then  rolled  up  into  close  spirals  of  }|  inch  in  diameter,  which 
are  forced  into  the  circular  holes  of  the  plate.  By  electrochemical 
action  these  spirals  are  formed  into  active  material,  the  process 
requiring  about  thirty  hours;  at  the  same  time  the  spirals  expand  so 
that  they  fit  still  more  closely  in  the  grids.  This  form  of  positive 
is  known  as  the  Manchester  Plate. 

In  setting  up  the  cells  the  plates  are  separated  from  each  other 
by  special  cherry  wood  partitions,  the  perforations  being  connected 
by  vertical  grooves  to  facilitate  the  rising  of  the  gases.  Sometimes 
glass  rods  are  used  as  separators. 

There  are  ten  sizes  of  cell,  the  smallest  containing  three  plates 
3  by  3  inches,  and  the  largest  having  seventy-five  plates  15^  by 
30i  inches,  ranging  in  capacity  from  5  to  12,000  ampere-hours,  and  in 
weight  from  5 J  to  5,800  lbs.  The  smaller  sizes  are  provided  with 
either  rubber  or  glass  jars,  and  the  larger  ones  with  lead-lined  tanks. 

The  Tudor  Cell  is  extensively  used  in  Europe,  and  to  some 
extent  in  this  country,  although  no  longer  manufactured  here.  The 
plates  consist  of  rolled,  grooved  sheets  as  shown  in  Fig.  167,  A 
being  the  hollows  or  grooves  into  which  the  paste  is  introduced  and 
B  the  lead  frame.  The  thickness  of  the  plate  between  opposite 
grooves  is  about  .12  inch  for  the  positive,  and  about  .06  inch  for 
the  negative.  The  width  of  grooves  on  the  positive  plate  is  also 
about  .12  inch,  while  on  the  negative  it  is  about  .08  inch.  The 
grooves  are  first  coated  with  a  thin  layer  of  peroxide  of  lead  (PbO,) 
by  electrolysis,  and  then  packed  with  the  oxides  as  required,  the 
plates  being  rolled  to  *'fix"  the  paste.  This  treatment  of  the  grid 
with  an  electrolytic  bath  before  applying  the  active  material  is 
covered  by  U.  S.  patent  No.  413,112.  The  cells,  of  this  type,  range 
in  capacity  from  26  to  630  ampere-hours. 
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It  is  the  tendency  to  make  the  positive  plate  of  the  Plants  fonn 
and  the  negative  of  the  Faure  or  pasted  type,  the  reason  being  that 
the  Plants  form  is  more  difficult  to  make,  and  as  the  activity  is  small 
on  the  negative,  the  pasted  plate  is  good  enough.  The  practice  in 
lead  batteries  is  to  make  the  negative  plate  of  greater  capacity  than 
the  positive,  as  the  charging  and  discharging  of  a  cell  in  service 
tends  to  form  more  active  material  on  the  positive  plate,  whereas  the 
capacity  of  the  negative  plate  tends  to  decrease,  so  that  allowance  is 
made  as  above  stated. 


z 


\ 


Fig.  167,    Tudor  Batttry  Piat§, 

Lithanode. — Mr.  Desmond  Fitzgerald  has  made  storage  bat- 
teries with  a  positive  plate  consisting  entirely  of  active  material 
made  up  of  litharge  (PbO)  mixed  with  ammonium  sulphate 
(NHJ,S04  pressed  into  the  required  shapes.  This  plate  is  con- 
verted into  peroxide  by  chemical  treatment.  The  negative  con- 
sists of  the  ordinary  lead  plate.  While  this  cell  has  a  high  weight 
efficiency,  it  is  not  of  much  commercial  importance,  though  used 
considerably  in  laboratory  work. 

Storage  Batteries  Containing  Metals  other  than  Lead« — ^It  has 
already  been  stated  that  almost  any  primary  cell  will  act  more  or 
less  perfectly  as  a  secondary  cell;  as,  for  example,  the  common 
gravity  battery.  A  great  many  have  been  devised  in  which  the  lead 
in  one  or  both  of  the  plates  has  been  replaced  by  some  other  metal. 
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For  example,  Reynier  made  the  negative  plate  of  zinc  instead  of 
lead,  this  zinc  in  discharging  being  converted  into  zinc  sulphate, 
which  dissolved  in  the  electrol)rte.  The  substitution  of  zinc  for 
lead  secures  an  increase  in  initial  E.M.F.  from  2.2  to  2.5  volts,  and 
also  allows  of  a  considerable  reduction  in  weight;  because  for  the 
:storage  of  a  given  amount  of  energy  the  weight  of  the  zinc  required 
is  much  less  than  that  of  the  equivalent  lead.  A  difficulty  with 
this  type  of  cell  is  the  formation  of  ''trees"  of  zinc  on  the  negative 
plate  during  the  charging  process,  which  are  likely  to  fall  off  or 
extend  across  to  the  positive  plate,  thus  short-circuiting  the  cell. 
Another  difficulty  is  the  difference  in  density  of  the  solution  between 
the  top  and  bottom  of  the  plates,  the  tendency  being  to  exhaust  the 
zinc  sulphate  from  the  upper  portion  of  the  liquid  during  charging- 
To  avoid  this  trouble  the  plates  have  been  arranged  horizontally, 
so  that  the  density  would  be  uniform  for  each  plate;  but  the  difficulty 
then  arises  that  the  gases  which  form  to  a  certain  extent  in  almost 
all  batteries  collect  between  the  plates,  interfering  with  the  chemical 
action  and  the  passage  of  the  current. 

A  similar  type  of  cell  was  manufactured  by  the  Union  Electric 
Company  of  New  York,  in  which  the  negative  plates  consisted  of 
thin  sheet  copper  covered  with  zinc  amalgam,  and  the  positive  plates 
were  made  up  of  laminae  of  lead  held  together  by  leaden  rivets  and 
perforated  with  numerous  small  holes,  these  positives  being  formed 
by  the  Plants  process. 

Waddell-Entz  Accumulator.  —  The  copper-alkali-zinc  primary 
battery  of  Lalande,  Chaperon,  and  Edison,  being  reversible  in  action, 
can  be  used  as  a  storage-battery.  Waddell  and  Entz  have  con- 
structed accumulators  on  this  principle.  When  discharged,  the 
positive  plate  consists  of  porous  copper;  on  charging  the  electrolyte 
is  decomposed,  metaUic  zinc  being  deposited  on  the  negative  plate, 
the  porous  copper  of  the  positive  plate  is  oxidized,  and  the  Uquid 
becomes  converted  into  a  solution  of  caustic  potash  (KOH).  The 
E.M.F.  is  low,  being  about  .7  volt  per  cell. 

The  Edison  Storage  Battery. — ^The  standard  cells  of  this  type 
are  13  inches  high,  5.1  inches  wide,  and  vary  in  length  according  to 
their  rating,  the  various  capacities  being  obtained  by  simply  increasing 
the  number  of  plates.  The  positive  and  negative  plates  are  alike 
in  appearance,  and  consist  of  rectangular  grids,  of  nickel-plated 
iron,  each  about  9J  by  5  by  .025  inch,  punched  with  three  rows  of 
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rectangular  holes,  eight  holes  to  the  row  (Fig.  168) ;  each  hole  being 
filled  by  a  shallow  perforated  box  of  nickel-plated  steel,  the  per- 
forations being  very  fine,  about  2,500  per  square  inch. 

The  difference  between  the  positive  and  negative  plates  is  en- 
tirely in  the  contents  of  the   perforated   receptacles;  those  for  the 


\ 


Fig,  168,  EdiMon  Batttry  Qrldt, 


positive  plate  containing  a  mixture  of  oxide  of  nickel  and  pul- 
verized carbon,  the  latter  being  employed  to  increase  the  conduc- 
tivity of  the  active  material.  The  receptacles  for  the  negative  plates 
contain  a  finely  divided  oxide  of  iron  and  pulverized  carbon.  When 
filled  these  receptacles  are  secured  to  the  grid  by  placing  them  in 
the  openings  of  the  same,  and  subjecting  the  assembled  plate  to  a 
pressure  of  about  100  tons,  which  expands  the  pockets  and  fixes 
them  firmly  in  the  grid,  the  assembled  plates  being  shown  in  Fig.  169. 
The  liquid  employed  consists  of  a  20  per  cent  solution  of  caustic 
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potash,  which  undergoes  no  chemical  change  during  the  process  of 
charge  or  discharge,  acting  simply  as  a  conveyor  of  oxygen  between 
the  plates.  The  charging  current,  entering  at  the  p)ositive  plates,  oxi- 
dizes the  nickel  compound  to  the  peroxide  state,  and  reduces  the  iron 
compound  in  the  negative  plates  to  a  sp)ongy  iron  mass.    The  con- 


flq,  169.  CompItU  Edison  Celt. 


taining  vessel  consists  of  nickel-plated  steel,  and  the  plates  are  strong 
individually  and  close  together,  being  separated  by  thin  strips  of 
vulcanized  rubber,  thus  forming  a  compact  mass.  The  terminals  of 
the  plate  pass  through  the  cover  of  the  cell,  from  which  they  are 
insulated  by  vulcanized  rubber  bushings. 

The  electrical  features  of  the  Edison  cell  are  as  follows: — 

Average  voltage  of  charge  at  normal  rate,  1.68. 

Average  voltage  of  discharge  at  normal  rate,  1.24. 

A  set  of  charge  and  discharge  curves  of  a  180-ampere-hour  cell 
is  shown  in  Fig.  170.  This  battery  is  rated  at  30  amperes  for  a 
period  of  six  hours.  The  various  cells  have  a  weight  eflSciency  of 
11.5  to  13.2  watt-hours  per  p)ound,  depending  up)on  the  size.  The 
watt  eflBLciency  imder  normal  working  conditions  is  about  60  per 
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cent.  The  charging  and  discharging  rates  are  alike  and  cover 
wide  ranges.  A  cell  may  be  charged  at  a  high  rate  in  one  hour, 
without  apparent  detriment  except  lowering  the  efficiency  slightly. 
It  is  not  appreciably  influenced  by  temperature  changes,  and  may 
be  fully  discharged  to  the  zero-point  of  E.M.F.,  or  even  charged  in 
the  reverse  direction,  and  then  recharged  to  normal  conditions  with- 
out suffering  loss  in  storage  capacity  or  other  injury.    The  best 
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lesults  are  obtained  when  twice  as  many  p)ositive  as  negative  plates 
are  employed,  and  the  standard  cells  are  made  up  on  this  basis. 
This  type  is  intended  especially  for  electric  automobile  service,  by 
virtue  of  its  high  weight  efficiency,  and  ability  to  endure  rough 
mechanical  as  well  as  electrical  treatment.  The  same  qualities 
would  also  adapt  it  to  p)ortable  electric-hghting  purposes. 


MANAQSMiarT  OF  STOBAQX  BATTXBIIDS. 

In  describing  the  handling  of  storage  batteries,  the  various 
types  of  lead  cells  wiU  be  considered,  as  they  constitute  a  very  large 
majority  of  the  cells  in  commercial  use,  especially  for  stationary 
service. 

The  Battery  Room. — ^In  the  installation  of  a  battery,  the  first 
point  to  be  considered  is  its  location.  The  room  for  this  purpose 
should  be  dry,  well  ventilated,  and  of  a  moderate  temperature, 
otherwise  the  evaporation  of  the  electrolyte  will  be  excessive.  The 
floor,  walls,  and  ceiling  must  be  of  some  acid-proof  material,  brick 
or  tile  being  preferable,  and  the  floor  made  so  as  to  drain  readily; 
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an  outlet  being  provided  to  the  sewer  or  drainage  system.  If  the 
room  is  an  old  one,  having  a  wooden  floor,  the  latter  should  be 
coated  with  asphaltum  paint,  and  lead  trays  placed  below  the  bat- 
teries; any  woodwork  or  ironwork  in  the  room  should  also  be  treated 
in  a  similar  manner. 

The  room  should  be  sealed  from  the  rest  of  the  building,  and 
located  near  the  generating  machinery  and  distribution  switch- 
board, so  that  the  copper  cables  may  be  low  in  cost.  The  windows 
in  the  battery  room  should  be  either  of  ground  or  painted  glass, 
so  that  no  direct  rays  of  the  sun  may  strike  the  cells,  as  the  heat 
may  crack  the  cells  if  made  of  glass,  or  increase  the  activity  of  the 
acid,  which  is  not  desirable. 
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Fig,  171.  QIasa  Insulator  for  Battery  Support, 

In  case  the  battery  installation  is  in  a  cold  climate,  some  device 
for  keeping  the  electrolyte  at  a  moderate  temperature  must  be 
used.  A  simple  plan  is  to  suspend  an  incandescent  lamp  in  the  ceil 
and  have  it  connected  to  some  automatic  device  which  will  put  it 
out  when  the  electrolyte  is  at  the  desired  temperature,  or  light  it 
when  the  electrolyte  is  too  cold. 

Sstting  up  the  Cells. — The  battery  is  usually  placed  on  the 
floor,  or  upon  strong  wooden  shelves,  Fig.  172  showing  a  form 
adapted  to  cells  of  medium  size.  Iron  stands  are  sometimes  used 
for  large  and  heavy  cells,  but  they  must  be  protected  from  acid 
fumes  and  drip  by  several  coats  of  an  acid-proof  paint.  Wooden 
stands  should  be  varnished,  painted,  or  soaked  in  paiaffin  for  the 
same  reason.  It  is  important  to  have  every  cell  accessible  for 
inspection,  cleaning,  and  removal,  it  being  desirable  to  reach  both 
sides.  There  should  also  be  sufldicient  head  room  between  shelves 
so  that  the  elements  may  be  Ufted  out. 

It  is  highly  important  that  the  cells  be  thoroughly  insulated 
from  each  other,  to  avoid  leakage  of  current.  This  is  accomplished 
by  standing  each  cell  on  four  insulators  of  porcelain  or  glass  of 
the  design  shown  in  Fig.  171.  Porcelain  is  preferable  to  glass,  as 
the  latter  is  sometimes  pitted  by  the  action  of  acid  fumes. 
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Lead-lined  tanks  are  usually  set  as  follows:  The  floor  is  covered 
with  a  layer  of  glazed  tile  or  brick,  on  which  are  placed  two  wooden 
stringers  about  3  by  4  inches,  carefully  painted  with  acid-proof 
paint.  On  these  are  set  four  insulators  held  in  place  by  wooden 
pegs  kept  in  position  by  pouring  melted  sulphur  around  them. 
The  battery  tray  and  battery  are  placed  on  these  insulators  as  indi- 
cated in  Fig.  172.' 

Oil  insulators  were  formerly  used,  but  the  oil  collects  dust,  and 
as  this  is  Ukely  to  cause  leakage  they  are  no  longer  employed.  For 
very  large  lead-tank  outfits  a  double  system  of  the  supporting  con- 
struction shown  in  Fig.  172  is  used,  but  with  individual  stringers 
for  each  cell.  Glass  cells  are  often  set  on  wooden  trays,  which  are 
filled  with  sand  to  distribute  the  strains  and  absorb  the  drip.  Saw- 
dust was  also  used,  but  it  becomes  carbonized  by  the  acid  drip,  and 
as  this  is  likely  to  cause  leakage,  it  has  been  abandoned. 

In  connecting  the  cells,  usually  put  in  series,  great  care  should 
be  taken  to  join  the  positive  terminal  of  one  to  the  negative  of  the 
next,  and  so  on.  The  color  of  the  plate  is  the  best  indication  of  its 
polarity,  the  positive  plate  being  a  light  brown  when  discharged 
and  a  chocolate  color  when  charged,  while  the  negative  varies  from 
a  dark  to  a  light  slate  color.  It  should  be  noted  that  the  nomencla- 
ture concerning  storage  batteries  is  different  from  that  of  primary 
cells.  The  positive  plate  in  the  former  is  the  peroxide  plate  (brown) 
and  is  that  one  from  which  the  current  flows  out  in  discharging, 
whereas  that  would  be  the  negative  plate  of  a  primary  battery. 
The  positive  pole  or  terminal  in  a  storage  battery  is  an  extension 
of  the  positive  plate,  and  is  connected  to  the  positive  terminal  of 
the  dynamo  in  charging;  consequently  there  is  less  cause  for  con- 
fusion of  terms  than  with  the  primary  cell. 

It  is  well  to  test  the  polarity  of  each  cell  and  of  the  circuit  before 
making  connections.  This  may  be  done  with  any  form  of  pole- 
test  r,  or  by  the  definite  expedient  of  dipping  the  two  terminals  in 
dilute  sulphuric  acid,  the  one  from  which  the  most  bubbles  arise 
being  negative.  The  connections  should  be  scraped  clean  and 
screwed  up  very  tight,  being  coated  with  acid-proof  paint  to  avoid 
corrosion.  The  most  satisfactory  way  is  to  weld  or  "bum"  the 
positive  terminal  of  one  cell  to  the  negative  terminal  of  the  next, 
though  soldered  connections  are  good.  This  soldering  is  done  as 
follows:  Two  strips  of  lead  and  the  terminals  to  be  connected  are  very 
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carefully  cleaned;  the  lead  strips  are  then  clamped  to  the  terminals, 
a  mold  placed  aroimd  the  joints  and  molten  lead  poured  into  it. 

The  Electrolyte. — Piactice  vaf  es  considerably  as  to  the  strength 
of  solution  to  use.  Chemically  pure  sulphuric  acid  is  carefully 
poured  into  water  until  its  density  becomes  about  1.2,  and  then 
the  mixture  is  allowed  to  cool  before  pouring  it  into  the  cells  It 
is  important  to  use  perfectly  pure  acid  and  water,  as  impurities 
will  cause  local  actions  and  ultimately  destroy  the  plates.  Water 
should  never  be  poured  into  sulphuric  acid,  as  it  is  likely  to  cause 
the  liquid  to  be  thrown  out  violently.  The  electrolyte  should  com- 
pletely cover  the  plates.  Cells  for  vehicle  work  lise  an  electrolyte 
w  th  density  as  high  as  1.3.  The  advantage  of  a  strong  solution  is 
its  lower  resistance;  but  it  is  likely  to  produce  the  very  objectionable 
effect  of  *'sulphating." 

The  density  of  the  electrolyte  falls  immediately  after  filling  a 
cell,  some  of  the  acid  being  taken  up  by  the  plates;  but  it  rises 
again  in  charging;  for  example,  from  1.17  to  1.2.  It  is  convenient  to 
keep  hydrometers  in  several  cells  to  observe  the  density  of  the  elec- 
trolyte, not  only  at  the  beginning,  but  as  a  permanent  indicator 
of  the  amount  of  charge  and  general  working  conditions. 

Charging. — ^The  charging  should  begin  immediately  after  a 
new  cell  is  filled  with  the  electrolyte,  otherwise  the  plates  are  likely 
to  become  *'sulphated."  The  first  charge  differs  from  subse- 
quent regular,  charges  in  that  it  should  be  at  a  rate  (lower  than 
normal)  that  will  not  cause  -he  temperature  of  the  cell  to  reach, 
100®  F.,  but  in  all  other  respects  it  is  the  same. 

Indications  of  Amount  of  Charge  in  a  Storage  Battery. — 
1.  The  E.M.F.  rises  from  1.7  volts,  the  minimum  value  to  which 
a  lead  cell  should  be  discharged,  to  approximately  2.5  volts 
when  fully  charged,  although  this  value  may  be  a  trifle  higher  or 
lower,  depending  upon  the  rate  of  charge  and  temperature  of  cell. 
The  rise  is  gradual,  but  more  rapid  near  the  beginning  and  end 
of  the  charge,  as  indicated  in  Fig.  173.  When  the  cell  is  fully  charged, 
the  E,M,F.  becomes  constant  and  the  curve  approaches  a  hori- 
zontal line  as  shown.  The  charging  should  then  be  stopped,  as 
any  more  energy  passed  through  the  cell  is  simply  wasted  in  pro- 
ducing gases.  The  external  voltage  is  higher  in  charging  than  in 
discharging  because  of  the  internal  resistance  of  the  cell  and  result- 
ing drop,  which   must   be   overcome   in   charging.      The    voltage 
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should  be  measured  when  the  current  is  flowing  either  in  charging 
or  discharging.  The  E,M.F.  on  open  circuit  has  lit  le  pract'cal 
significance.     The  exact  electrica   relations  are  given  later. 

2.  //  a  record  is  kept  of  the  exact  number  of  ampere-hours  of 
charge  and  discharge,  the  actual  amoimt  of  energy  in  the  battery 
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at  any  time  is  known,  due  allowance  being  made  for  leakage  and 
other  losses.  For  this  purpose  any  integrating  instrument,  such 
as  the  Thomson  recording  wattmeter,  may  be  used. 

3.  The  density  of  tlie  electrolyte  gradually  r.'ses  during  the  charg- 
ing operation  (Fig.  173);  the  density  when  charged  being  about 
.025  higher  than  when  discharged.  There  is  a  lag  in  the  change 
of  the  density  of  the  electrolyte,  the  acid  not  being  absorbed  or 
given  off  at  once  by  the  plates;  hence  a  Uttle  time  should  be  allowed 
before  taking  any  hydrometer  reading  as  final. 

4.  Bubbles  of  gcLS  are  given  off  freely  when  the  battery  is  fully 
charged,  because  the  material  of  the  plates  is  then  no  longer  able 
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to  take  up  the  oxygen  and  hydrogen  which  tend  to  be  set  free  by 
the  electrolysis;  these  bubbles  give  the  electrolyte  the  appearance 
of  boiling,  and  often  they  are  so  fine  that  the  liquid  looks  almost 
mi  ky- white,  particularly  in  a  cell  which  has  not  been  very  long  in 
use. 

5.  The  color  of  the  positive  plates  varies  from  a  light  brown  on 
active  parts  to  a  chocolate  color  when  fully  charged,  and  to  nearly 
black  when  overcharged.  The  negatives  vary  from  pale  to  dark 
slate  color,  but  they  always  differ  in  color  from  the  positives. 
This  indication  of  the  amount  of  charge  is  learned  by  experience, 
but  is  quite  definite  after  one  becomes  familiar  with  a  particular 
battery. 

6.  Cadmium  Tes/.— Cadmium,  when  immersed  in  the  electro- 
lyte of  a  storage  battery,  gives  reliable  readings  of  the  potential  of 
the  positive  and  the  negative  plates  with  respect  to  itself.  In  this 
way  the  condition  of  each  plate  of  a  batterj-  can  be  determined. 
Readings  are  taken  by  inserting  the  cadmium  (connected  to  one 
terminal  of  the  voltmeter)  into  the  electrolyte,  but  free  from  contact 
with  plates,  and  connecting  the  other  terminal  of  the  voltmeter  f.rst 
to  the  positive  plate,  and  then  to  the  negative  plate. 

In  making  a  cadmium  test,  care  must  be  exercised  to  use  either 
a  sulphated  piece  of  cadmium,  or  to  wash  the  surface  of  the  bright 
metal,  after  every  reading,  in  distilled  water,  also  when  inserting 
the  cadmium  into  the  electroljrte,  to  keep  it  out  of  contact  with  the 
plates.  The  cadmium  piece  can  be  permanently  fastened  to  one 
terminal  of  the  voltmeter,  and  it  should  be  covered  by  a  soft  rubber 
tube,  perforated  to  admit  the  electrolyte;  in  this  way  rapid  reading 
can  be  taken. 

The  relations  between  the  cadmium  readings  and  the  total 
external  voltage  of  the  cell  is  fixed,  that  is  to  say,  on  discharge,  the 
latter  added  to  the  minus  (cadmium  to  negative  plate)  reading  should 
equal  the  plus  (cadmium  to  positive  plate)  reading.  The  voltmeter 
used  for  this  work  ought  to  be  a  good  one  and  read  accurately  at 
the  low  end  of  the  scale,  otherwise  the  minus  readings  cannot  be 
taken. 

With  normal  conditions  of  cell,  when  fully  charged  and  on  open 
circuit,  the  difference  of  potential  between  the  positive  plate  and 
the  cadmium  piece  is  2.5  volts  or  nearly  so,  and  between  the  cad- 
mium piece  and  the  negative  plate  is  zero  or  nearly  so. 
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To  avoid  false  conclusions  in  making  a  cadmium  test,  hydrom- 
eter, temperature,  and  charge  data  should  be  noted.  The  cadmium 
test  is  usually  made  at  the  center  of  the  cell  to  get  a  uniform  current 
distribution.  This  test  gives  readings  the  sum  of  which  is  less  than 
2.5  volts,  when  hydrometer  tests,  temperature,  and  charge  data 
show  that  the  cell  is  not  fully  charged.  If,  however,  the  hydrometer, 
temperature,  and  other  data  show  the  charge  to  be  completed,  and 
the  cadmium  test  gives  .1  volt  or  more  below  2.5  volts,  it  indicates 
trouble;  whichever  plate  shows  the  falling  off  from  normal  read- 
ing is  the  defective  one,  and  should  be  examined  for  some  of  the 
troubles  that  will  be  discussed  later. 

In  some  cases  the  cadmium  reading  with  respect  to  both  plates 
may  approach  zero;  this  is  caused  by  a  short  circuit  in  the  cell,  which 
should  be  found  and  removed  inunediately. 

The  proper  rate  of  charge  depends  upon  the  size  and  type  of 
cell,  and  is  usually  specified  by  the  manufacturer  in  each  case,  being 
merely  an  empirical  fact,  determined  by  the  construction  of  the 
plates.  The  current  for  charging  is  ordinarily  obtained  from  a 
direct-current  d)mamo,  but  any  other  direct-current  source  may  be 
employed.  The  potential  required  for  charging  must  exceed  that 
of  the  battery,  which,  during  the  operation,  acts  as  a  counter  EM.F.j 

P-e 

the  expression  being  7=—^ ,  in  which  I  is  the  current,  P  the  poten- 
tial applied  to  battery  terminals,  e  the  counter  E,M,F.,  and  R  the 
internal  resistance  of  the  cell.  Usually  P  is  5  to  10  per  cent  greater 
than  e,  in  order  to  cause  the  necessary  chargia^  current  to  flow 
through  the  resistance  R  of  the  cell.  In  practice  P  is  regulated 
until  the  required  charging  current  I  is  obtained. 

P-e 

The  above  equation,  put  into  form  of  R-^—j—y  enables  the 

internal  resistance  R  to  be  calculated,  varying  considerably  with 
temperature,  and  with  different  states  of  charge.  Another  form  of 
the  above  equation,  e=P— /i?,  shows  that  the  true  E.M.F.  of  the 
battery  is  less  than  the  charging  voltage  by  an  amount  equal  to  the 
product  of  the  charging  current  and  the  internal  resistance.  Con- 
versely, in  discharging,  the  total  E.M.F.  of  the  cell  is  greater  than 
the  potential  difference  P  between  its  terminals  by  the  same  amount, 
that  is,  e=P—IR.  Hence  it  is  necessary  to  know  I  and  R,  or  to 
measure  the  voltage  when  the  circuit  is  open  (in  which  case  /=-0), 
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in  order  to  find  the  real  E.M.F,  of  cell.  This  applies  to  each  indi- 
vidual cell  as  well  as  to  the  entire  battery. 

If  the  charging  voltage  P  be  kept  constant,  it  is  evident  from 
the  above  equations  that  the  current  /  will  gradually  decrease, 
since  the  C.E.M.F.  of  the  cell  steadily  rises  as  shown  in  Fig.  173. 
This  effect  is  counteracted  somewhat  by  the  fact  that  the  internal 
resistance  R  also  diminishes,  owing  to  the  density  of  the  electrolyte 
increasing.  Such  a  gradual  reduction  in  the  strength  of  the  charg- 
ing current  is  considered  desirable  by  some  authorities,  because 
it  enables  the  cell  to  take  a  greater  charge  than  if  the  current  were 
maintained  at  full  strength.  On  the  other  hand,  a  diminishing 
rate  makes  it  difficult  to  keep  account  of  the  exact  number  of  ampere- 
hours  supplied  to  the  cell;  hence  in  ordinary  commercial  work 
it  is  considered  simpler  to  charge  with  a  constant  current,  and  if  it 
is  desired  to  keep  the  cell  temperature  down,  the  current  may  be 
decreased  near  the  end  of  the  charge.  Most  types  of  cells  are  not 
injured  by  slight  overcharging  at  a  moderate  rate  and  it  may  be 
allowed  to  occur,  because  it  tends  to  remove  * '  sulphating. ' '  A 
considerable  overcharge  should  be  avoided  as  it  causes  excessive 
formation  of  gas-bubbles  in  the  active  materials,  is  likely  to  heat 
the  cell  and  even  cause  disintegration  and  buckling  of  the  plates. 

Discharging. — ^A  storage  battery  is  in  most  cases  discharged 
within  a  few  hours  after  being  charged,  as,  for  example,  in  electric 
lighting,  when  the  engine  and  dynamo  are  run  during  the  day  for 
charging  the  battery  which  supplies  current  to  the  lamps  during 
the  night.  But  a  portable  battery  for  feeding  lamps  might  be 
required  to  retain  its  charge  for  several  days.  A  certain  loss  of 
charge  occurs  in  any  battery,  amounting  to  about  25  per  cent  in  one 
week,  but  for  one  day  or  less  it  is  quite  small.  Even  when  the 
discharge  occurs  immediately,  the  average  voltage  and  the  ampere- 
hours  obtained  are  less  than  for  the  charge,  as  explained  under 
**  Efficiency.'' 

The  operation  of  discharging  is  naturally  the  converse  of  charg- 
ing^ the  changes  which  have  been  described  as  occurring  in  the 
latter  take  place  also  in  the  former,  but  in  the  reverse  order.  The 
normal  rate  of  discharging  is  usually  equal  to  that  of  charging, 
but  may  be  somewhat  greater.  In  some  cases  it  is  necessary  to 
discharge  at  higher  rates,  but  by  so  doing  a  percentage  of  the  capacity 
in  ampere-hours  is  sacrificed.     For  example,  a  cell  whose  normal 
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eight-hour  discharge  rate  is  100  amperes  can  be  discharged  at 
400  amperes  for  one  hour,  but  only  50  per  cent  of  the  celPs  capacity 
in  ampere-hours  is  obtained  at  the  latter  rate. 

PERCENTAGE  OF  CAPACITY  VARIATION  AT  DIFFERENT 
DISCHARGE  RATES. 


Rate. 
Houre. 

Per  Cent  of  Cap  icity  at 
Eighl-h  iur  Rate. 

Plants. 

Plants + 
Faure  - 
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99 
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93 
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la 
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An  excessive  discharge  rate  is  injurious  to  most  types  of  storage- 
battery  plates  because  it  tends  to  disintegrate  the  plates,  and  abnor- 
mally heats  the  electrolyte,  which  hastens  disintegration;  it  is  there- 
fore advisable  to  protect  the  battery  with  fuses  or  an  automatic 
circuit  breaker. 

A  lead  storage  battery  should  never  be  discharged  completely y  as  it 
is  very  likely  to  become  "sulphated,"  or  otherwise  injured;  and 
moreover  the  E.M,F.  falls  so  rapidly  towards  the  end  of  discharge 
that  the  current  would  be  of  no  practical  value.  The  limit  of  dis- 
charge is  usually  considered  to  be  the  point  at  which  the  external 
voltage  drops  to  1.75  volts,  though  when  cells  are  used  at  the  one- 
hour  rat€  the  limit  of  discharge  is  1.6  volts.  The  charge  usually 
left  in  a  storage  battery  is  from  10  to  30  per  cent  of  the  total  capacity* 
depending  on  the  rate  of  discharge,  but  this  involves  no  considerable- 
loss  of  energy  or  efficiency,  since  it  remains  in  the  battery  each  time 
and  the  charging  begins  at  that  point. 

The  Efficiency  of  Storage  Batteries. — ^The  efficiency  of  any 
apparatus  is  the  ratio  between  what  it  gives  out  and  what  it  con- 
sumes. In  a  storage  battery  it  is  the  ratio  of  the  amount  of  discharge 
to  what  is  required  to  bring  the  battery  back  to  its  original  condi- 
tion. While  this  seems  extremely  simple  and  definite,  there  are 
several  opportunities  for  confusion  or  quibble.  • 

In  the  first  place,  the  "ampere  efficiency/'  or  more  properly 
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the  "ampere-hour  efficiency,"  which  is  the  ratio  of  the  ampere- 
hours  drawn  from  the  battery  to  the  ampere-hours  put  into  the 
battery,  is  quite  different  from  the  watt-hour  efficiency.  The  latter 
is  the  real  efficiency,  because  it  considers  the  energy,  and  includes 
the  voltage  as  well  as  the  ampere-hours.  Ampere  efficiency  is 
interesting  as  showing  the  action  of  a  battery,  but  is  not  of  much 
conmiercial  importance.  It  may  be  used  either  through  ignorance 
or  intention  to  give  a  false  idea,  being  often  15  per  cent  higher  than 
the  watt  efficiency. 

Another  difficulty  with  ampere  efficiency  is  the  fact  that  it  is 
possible  to  obtain  an  apparent  efficiency  of  over  100  per  cent  from 
a  storage  battery.  Since  about  25  per  cent  of  charge  is  always 
left  in  the  cell,  it  is  possible  to  draw  out  apparently  more  ampere- 
hours  than  were  put  in,  by  simply  discharging  more  than  usual. 
The  same  result  may  be  obtained  by  fully  charging  a  battery  several 
times,  but  only  partially  discharging  it  each  time. 

In  general  practice  it  has  been  found  that  the  efficiency  of  storage- 
battery  plants,  when  in  good  condition,  varies  from  75  to  80  per 
<:ent. 

Depreciation  of  Storage  Batteries. — ^The  depreciation  is  claimed  to 
be  as  low  as  5  per  cent  per  annum;  in  fact,  storage-battery  installa- 
tions are  often  insured  and  kept  in  repairs  by  the  makers  for  4  to  6 
per  cent  per  annum  of  their  total  original  cost.  This  figure  is  as  low 
as  the  maintenance  of  the  very  best  steam  or  electrical  machinery. 
Instances  are  cited  in  which  storage  batteries  have  required  no 
repairs  or  renewals  for  periods  of  five  or  even  ten  years.  On  the 
other  hand,  the  life  of  storage  batteries  in  traction  or  automobile 
work  has  in  some  cases  not  exceeded  six  months.  One  must  be 
somewhat  guarded  in  accepting  low  figures  for  depreciation,  be- 
cause from  their  nature  the  plates  are  very  easily  injured  and  difficult 
to  repair.  It  would  be  unwise  for  any  one  purchasing  a  battery 
without  the  makers  guarantee,  to  allow  less  than  10  per  cent  for  its 
annual  depreciation,  and  this  does  not  include  interest,  taxes,  or 
other  fixed  charges. 

THOITBIiSS  AlTD  BEMEDIS8. 

The  most  serious  troubles  which  occur  in  storage  batteries  are 
sulphating,    buckling,    disintegration,    and    short-circuiting    of    the 
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plates.    These  can  usually  be  avoided,  or  cured  by  proper  treat- 
ment if  they  have  not  gone  too  far. 

Sulphating. — ^The  normal  chemical  reaction  which  takes  place 
in  storage  batteries  is  supposed  to  produce  lead  sulphate  (PbSO^) 
on  both  plates  when  they  are  discharged,  their  color  being  usually 
light  brown  and  gray,  due  to  the  presence  of  PbOj  on  the  posi- 
tive plate.  But  under  certain  circumstances  a  whitish  scale  forms 
on  the  plates,  probably  consisting  of  Pb^SOg.  Plates  thus  coated 
are  said  to  be  **sulphated."  This  term  is,  however,  somewhat 
ambiguous,  the  formation  of  a  certain  proportion  of  ordinary  lead 
sulphate  (PbSO^)  being  perfectly  legitimate,  but  the  word  has  ac- 
quired a  special  significance  in  this  connection.  A  plate  is  inactive, 
and  practically  incapable  of  being  charged,  when  covered  with  this 
white  "sulphate,"  as  it  is  a  non-conductor. 

The  conditions  under  which  this  objectionable  sulphating  is 
likely  to  occur  are  as  follows: 

(a)  A  storage  battery  may  be  overdischarged,  that  is,  run  below 
the  limits  of  voltage  specified,  and  left  in  that  condition  for  several 
hours. 

(6)  A  storage  battery  may  be  left  discharged  for  some  time,  even 
though  the  limits  have  not  been  exceeded. 

{c)  The  electrolyte  may  be  too  strong. 

[i)  The  electrolyte  may  be  too  hot  (above  125®  F.). 

(e)  A  short  circuit  may  cause  ''sulphating"  because  the  cell 
becomes  discharged  (on  open  circuit)  and  during  charging  it  re- 
ceives only  a  low  charge  compared  with  the  other  cells  of  the  series. 
A  battery  may  become  overdischarged  or  remain  discharged  a  long 
time  on  account  of  leakage  of  current  due  to  defective  insulation 
of  the  cells  or  circuit,  or  the  plates  may  become  short-circuited 
by  particles  of  the  active  or  foreign  substances  falling  between  them. 

(/)  By  charging  at  a  very  low  rate,  for  example,  one-thirtieth 
of  normal. 

Sulphating  may  be  removed  by  carefully  scraping  the  plates. 
The  faulty  cells  should  then  be  charged  at  a  low  rate  (about  one-half 
normal)  for  a  long  period.  In  this  way,  by  fully  charging  and  only 
partially  discharging  the  cells  to  about  1.9  volts  at  the  8-hour  rate,, 
for  a  number  of  times,  the  unhealthy  sulphate  is  gradually  eliminated. 
When  the  cells  are  only  slightly  sulphated,  the  latter  treatment  is 
sufficient  without  scraping;  but  with  cells  that  are  very  badly  sul- 
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phated,  the  charge  should  be  at  about  one-quarter  the  normal  rate 
for  three  days. 

Adding  to  the  electrolyte  a  small  quantity  of  sodium  sulphate, 
or  carbonate,  which  latter  is  immediately  converted  into  sodium 
sulphate,  tends  to  hasten  the  cure  of  sulphated  plates  by  decom- 
posing or  dissolving  the  white  sulphate.  This  is  not  often  used, 
as  a  cell  should  be  emptied,  thoroughly,  washed,  and  fresh  electrolyte 
added  before  the  cell  can  be  used  again. 

Sulphating  not  only  reduces  the  capacity  of  lead  storage  bat- 
teries, but  also  uses  up  the  active  material  by  forming  a  scale  which 
falls  off  or  has  to  be  removed.    It  also  produces  the  following  trouble: 

Buckling,  or  warping  of  a  plate,  may  be  caused  by  too  great 
expansion  of  the  active  material,  which  strains  the  ribs  of  the  con- 
taining grid;  or  by  uneven  action  on  the  two  surfaces;  for  exam- 
ple, a  patch  of  white  sulphate  on  one  side  of  a  plate  will  prevent 
the  action  from  taking  place  there,  so  that  the  expansion  and  con- 
traction of  the  active  material  on  the  other  side,  which  occurs  in 
normal  working,  will  cause  the  plate  to  buckle.  This  might  be  so 
serious  that  it  would  be  impossible  to  straighten  the  plate  without 
breaking  or  cracking  it;  but,  if  taken  in  time,  it  may  be  accom- 
plished by  placing  the  warped  plate  between  boards,  and  subject- 
ing it  to  pressure  in  a  screw  or  lever  press.  Striking  the  plate  is 
objectionable,  because  it  cracks  or  loosens  the  active  material;  but, 
if  it  should  be  necessary  to  straighten  a  plate  when  no  press  is  avail- 
able, a  wooden  mallet  may  be  used  very  carefully,  with  flat  boards 
laid  imder  and  over  the  plate.  Buckling  is  caused  by  an  excessive 
rate  of  charging  or  discharging,  as  well  as  by  sulphating. 

Disintegration.— Some  of  the  material  may  become  loosened  or 
entirely  separated  from  the  plates,  as  a  result  of  various  causes. 
The  chief  of  these  is  sulphating,  which  forms  scales  or  blisters  that 
are  likely  to  fall  off,  thus  gradually  reducing  the  amount  of  active 
material  and  the  capacity  of  the  cell.  Buckling  also  tends  to  dis- 
integrate the  plates.  Contraction  and  expansion  of  the  active 
material  may  take  place  in  normal  working,  and  are  increased  by 
excessive  rates  or  limits  of  charging  and  discharging.  This  con- 
stitutes another  cause  of  disintegration,  particularly  in  plates  of 
the  Faure  tj^,  containing  plugs  or  pellets  of  lead  paste.  The 
fragments  which  fall  from  the  plates  not  only  involve  a  loss  of  active 
material,  but  are  also  likely  to  extend  across  or  gather  between  the 
plates  and  cause  a  short  circuit. 
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The  positive  plates  are  far  more  susceptible  to  and  injured  by 
these  troubles  than  the  negatives.  The  former  are  also  more  ex- 
pensive to  make,  therefore  it  is  to  them  that  special  attention  should 
be  directed  in  the  management  of  storage  batteries. 

Short-Circuiting  may  be  caused  by  conditions  previously  stated, 
and  also  by  the  collection  of  sediment  at  the  bottom  of  the  con- 
taining cell.  The  short-circuiting  caused  by  the  dropping  in  of 
foreign  matter,  or  bridging  by  the  active  materials,  is  prevented 
by  the  use  of  glass,  rubber,  or  wooden  separators.  The  short-cir- 
cuiting of  plates  by  the  formation  of  sediment  is  prevented,  or  the 
chances  of  it  are  decreased,  by  raising  the  plates  so  that  they  clear 
the  bottom  of  the  containing  cell.  In  small  batteries  this  clear- 
ance is  about  an  inch ;  in  large  cells  it  is  considerable,  being  about 
6  inches,  and  on  account  of  the  weight  of  large-sized  plates  they 
are  supported  at  the  bottom  by  glass  frames  running  lengthwise 
through  the  cell,  as  shown  in  Fig.  174. 

The  sediment  should  be  watched  carefully,  and  when  it  reaches 
a  depth  of  an  inch  or  more  at  the  center  of  the  cells  it  should  be 
removed.  The  usual  method  is  to  take  out  the  plates,  syphon  the 
electrolyte  off  carefully,  and  then  flush  out  the  tanks  until  all  the 
sediment  is  removed.  If  sj^phoning  cannot  be  resorted  to,  a  pump 
may  be  used,  either  of  glass  or  of  the  bronze  rotary  type. 

Troubles  from  Acid  Spray.  —  A  battery  will  give  off  occa- 
sional bubbles  of  gas  at  almost  any  time; 
but  when  nearly  charged,  the  evolution 
becomes  more  rapid.  These  bubbles,  as 
they  break  at  the  surface,  throw  minute 
particles  of  acid  into  the  air,  forming  a 
fine  spray  which  floats  about.  This 
\  \        ^^S  J     spray    not    only    corrodes    the    metallic 

^  connections  and  fittings  in  the  battery 
room,  but  is  also  very  irritating  to  the 
throat  and  lungs,  causing  an  extremely 
disagreeable  cough.  Glass  covers  are 
sometimes  placed  over  cells  to  prevent 
the  escape  of  fumes,  but  this  is  not  ad- 
visable as  the  glass  becomes  moist  and 
will  collect  dust,  thus  forming  a  conducting  surface  over  the  battery. 
Attempts  have  been  made  to  do  away  with  the  spray  by  ha\iner 


Fig,  174. 
Qlaaa-Frame  Support  Ua9d  to  Pre^ 
4)9nt  Short-Circuiting  by  Sediment, 
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an  oil  film  over  the  electrolyte,  but  this  interferes  with  the  use  of 
hydrometers,  and  sticks  to  the  surface  of  the  plates  when  they  are 
removed,  thus  increasing  the  resistance  when  they  are  replaced. 
Another  plan  consists  in  spreading  a  layer  of  finely  granulated  cork 
over  the  surface  of  ilTe  liquid,-  but  while  this  does  not  interfere  with 
the  hydrometer,  it  makes  the  cell  look  dirty.  The  general  practice  is 
to  depend  almost  entirely  upon  ventilation  to  get  rid  of  the  acid  fumes, 
in  fact,  even  forced  ventilation  is  used.  A  blower  forces  fresh  air  into 
the  room,  which  is  provided  with  a  free  exhaust.  In  connecting  up 
the  cells,  it  is  advisable  to  use  lead-covered  copper  cables,  as  this  cover- 
ing protects  the  copper,  and  prevents  the  formation  of  copper  salts 
which  might  drop  into  the  cell  and  contaminate  the  electrolyte. 

The  Purity  of  the  Electroljrte  is  very  important,  and  great 
care  should  be  taken  to  insure  it.  The  electrolyte  may  have  nitric 
acid  present  when  "formed"  (Plant ^)  plates  are  used,  and  some 
chlorine,  when  ** Chloride"  negatives  are  used.  In  addition,  iron 
may  be  present  due  to  the  water  or  acid,  if  the  sulphuric  acid  is 
made  from  iron  pyrites;  it  may  also  be  present,  owing  to  the  cor- 
rosion of  iron  fittings  near  the  cells,  some  of  the  scale  faUing  into 
the  electrolyte.  Similarly  the  copper  salt  formed  from  the  con- 
nections by  corrosive  action  may  fall  into  the  cell.  Mercury  may 
also  be  present  due  to  the  breakage  of  hydrometers  or  thermometers. 
Other  foreign  substance  might  be  present,  but  those  named  are 
the  most  harmful. 

Nitric  acid,  even  in  exceedingly  small  quantities,  causes  disin- 
tegration, as  the  supporting  metal  gird  of  the  plate  is  destroyed. 

Chlorine  has  a  similar  effect. 

Iron,  mercury,  and  copper  produce  local  action,  and  thus 
decrease  the  efl&ciency  and  ultimately  the  life  of  the  cells. 

The  electrolyte  should  be  tested  about  once  a  week  for  these 
impurities,  and  if  any  of  them  are  present,  it  should  be  drawn  off 
and  renewed.  When  nitric  acid  is  found,  it  is  advisable  to  flush 
the  cell  with  pure  water. 

TJB8TB  FOB  DSTlSOTINa-  UCPUBITTEIS  IN  THE  SLECTBOIiYTB. 

1.  Test  for  Chlorine. — ^To  a  sample  of  electrolyte  in  a  test-tube, 
add  a  few  drops  of  silver  nitrate  solution;  if  a  curdy  white  preci- 
pitate forms,  an  excess  of  ammonia  is  addcJ,  aiid  if  this  dissolves 
the  precipitate,  chlorine  is  present  in  some  form. 
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2.  Test  for  Iron* — Iron  may  appear  in  one  of  two  forms, 
namely,  ferrous  or  ferric  salts.  A  small  sample  is  taken  and  some 
concentrated  hydrochloric  acid  added  and  then  some  potassium 
ferric  cyanide;  if  a  heavy  blue  precipitate  forms,  ferrous  iron  is 
present;  if  in  very  minute  quantities,  a  deep  blue-green  discolora- 
tion results. 

3.  Test  for  Ferric  Salts. — To  a  sample  add  some  ammonium 
thio-sulphate;  if  a  blood-red  solution  or  precipitate  is  the  result, 
ferric  iron  salts  are  present. 

4.  Test  for  Copper.  —  To  a  sample  of  electrolyte  an  excess 
of  ammonium  hydrate  is  added;  if  a  blue  solution  is  the  result, 
copper  is  present.  It  is  advisable  to  check  the  test  by  taking 
another  sample  and  adding  some  potassium  hydrate  to  it;  if  a 
blue  precipitate  is  formed  which  turns  black  upon  boiling,  it  is  addi- 
tional proof  of  the  presence  of  copper. 

5.  mtric  Acid  being  injurious  even  in  very  small  quantities, 
it  is  advisable  to  make  the  following  very  sensitive  test:  Some  di- 
phenylamine  in  concentrated  sulphuric  acid  is  added  to  the  sample; 
if  a  blue  color  is  the  result,  nitrates  or  nitrites  are  present. 

6.  Test  for  Herctuy. — Mercury  may  be  present  in  two  forms, 
mercurous  or  mercuric  compoimds.  The  mercurous  compoimds 
give  a  black  precipitate  with  lime  water,  and  a  greenish  precipi- 
tate with  potassium  iodide. 

The  mercuric  compounds  give  a  yellow  precipitate  with  lime- 
water,  and  a  red  or  scarlet  precipitate  with  potassium  iodide. 

On  account  of  possible  difficulties  the  following  is  recommended: 

1.  Test  every  carboy  of  sulphuric  acid  before  using. 

2.  Concentrated  sulphuric  acid  should  not  be  kept  around,  as 
it  may  be  used  by  mistake,  which  would  ruin  the  plates. 

3.  Only  distilled  water  from  carboys  should  be  used  and  not 
from  barrels,  as  it  may  be  contaminated  by  the  organic  material. 

4.  Water  from  the  city  mains  should  never  be  used  unless  the 
amount  of  iron  it  contains  is  very  small. 

5.  When  testing  with  hydrometer  for  acid  strength  the  battery 
should  be  fully  charged  and  tests  always  made  at  the  same  temperalure^ 
because  the  specific  gravity  of  the  electrolyte  falls  with  increase  of 
temperature.    The  change  due  to  temperature  is  as  follows: 
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Temper^ 
atures. 

]  JO*  P. 

40<»P. 

So»P. 

6o«»P. 

7o»P. 

Soop. 

©©•p. 

lOO^P. 

Ild»p. 

Sp.gr. 

I. 1593 

I . 1562 

I    1531 

I. 1500 

I. 1469 

1.1438 

I. 1407 

1.1376 
I. 1872 

I. 1345 
I. 1840 

1.2096 

I . 2064 

1.2032 

1.2000 

I. 1968 

I. 1936 

I. 1904 

I . 2620 

1.2590 

1.2530 

1.2500 

1.2470 

1.2440 

I. 2410 

'•^25** 

1 . 2  «0 

I . 2850 

1.3090 

1.3060 

1.3030 

1.3000 

1.2990 

1.2940 

I. 2910 

1.2880 

« 

1.3620 

1.3580 

I -3540 

1.3500 

1.3460 

1.3420 

1.3380 
1.3856 

\'^ 

X.3300 

I. 4144 

1.4076 

1.4048 

1.4000 

1.3952 

1.3904 

1.3768 

Patting  the  Battery  out  of  Commission. — ^If,  for  any  reason, 
the  battery  is  to  be  but  occasionally  used,  or  the  discharge  is  to  be 
at  a  very  low  rate,  a  weekly  freshening  charge  to  full  capacity  at 
normal  rate  should  be  given.  It  frequently  happens  that  a  storage 
battery  is  put  out  of  commission  for  a  long  period  (for  instance, 
in  most  summer  or  winter  resorts  the  battery  may  be  used  for  less 
than  half  of  the  year).  In  such  cases  the  procedure  is  as  follows: 
First  the  battery  is  given  a  complete  charge  at  normal  rate,  then 
the  electrolyte  is  siphoned  oflF  into  carefully  cleaned  carboys  (as  it 
may  be  used  again),  and  as  each  cell  is  emptied  it  is  immediately 
refilled  with  pure  water.  When  the  acid  has  been  drawn  from  all 
cells  and  replaced  with  water,  the  battery  is  discharged  imtil  tlie 
voltage  falls  to  or  below  one  volt  per  cell  at  normal  current;  when 
this  point  has  been  reached  the  water  should  be  drawn  off.  In  this 
condition  the  battery  may  stand  without  further  attention  until  it  is 
again  put  into  service,  which  is  accomplished  in  the  same  manner 
as  when  the  battery  was  originally  started.  If  during  the  discharge, 
when  the  water  has  replaced  the  electrol)rte,  the  battery  shows  a 
tendency  to  get  hot  (100°  F.)  colder  water  should  be  added. 
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CHAPTER     XXL 

AFPUOATIONS  OF  STORAQB  BATTBRIBS. 

The  function  of  a  storage  battery  is  to  receive  electrical  energy 
at  one  time  or  place,  and  to  give  it  out  at  some  other  time  or  place. 
The  principal  uses  are  the  following: 

1.  To  furnish  portable  electrical  apparatus  with  energy. 

2.  To  take  up  fluctuations,  and  thus  steady  the  voltage  and 
current. 

3.  To  furnish  energy  during  certain  hours  of  the  day  or  night, 
and  thus  enable  the  generating  machinery  to  be  stopped. 

4.  To  aid  the  generating  plant  in  carrying  the  maximum  load 
(peak),  which  usually  exists  for  only  an  hour  or  two. 

5.  To  make  the  load  on  engines  or  other  prime  movers  more 
uniform,  by  charging  the  battery  when  the  load  is  light. 

6.  To  transform  from  a  higher  to  a  lower  potential  by  charging 
the  cells  in  series,  and  discharging  them  in  parallel,  or  vice  versa. 

7.  To  subdivide  the  voltage,  and  enable  a  multiple-wire  system 
to  be  operated  from  a  single  generator. 

8.  To  supply  current  from  local  centers  or  substations. 

9.  To  supply  current  to  electrically  driven  vehicles.* 

10.  As  sources  of  current  in  telephone  and  telegraph  systems.* 

11.  For  car-lighting  purposes. 

12.  As  sources  of  constant  potential  and  current  in  electrical 
laboratories.* 

Portable  Storage  Batteries. — ^The  storage  battery  is  practically 
the  only  means  of  supply  for  portable  electric  lamps,  or  those  not 
connected  to  a  dynamo  even  when  they  are  not  portable.  The 
primary  battery  is  expensive  and  troublesome  to  operate;  and  is  not 
conmiercially  successful  for  electric  lighting  or  power  when  more 
than  one  or  two  hundred  watts  is  required.    Nor  is  there  any  other 

*  Applications  9.  10,  and  12  are  not  described,  not  being  included  in  "Electric 
lighting/' 
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satisfactory  primary  source  of  electrical  energy  except  a  generator 
driven  by  mechanical  power.  It  is  therefore  practically  essential 
to  adopt  storage  batteries  wherever  portable  electric  lamps,  motors, 
etc.,  are  used  on  any  considerable  scale. 

The  various  manufacturers  furnish  portable  forms  of  storage 
battery:  for  example,  the  Gould  portable  battery  is  arranged  in  a 
rubber  jar,  lead-lined  box,  or  glazed  earthenware  jar,  over  which  is 
placed  a  rubber  gasket,  and  then  a  wooden  cover  clamped  in  place 
by  U-shaped  straps,  passing  around  the  containing  vessel.  For 
the  escape  of  gas  during  charging,  the  cover  has  threaded  holes 
which,  when  the  battery  is  in  use,  are  closed  with  hard-rubber  stop- 
pers. The  usual  number  of  cells  in  a  case  is  from  one  to  five,  rated 
at  2  volts  per  cell. 

A  serious  objection  to  portable  storage  batteries  is  their  great 
weight.  For  example,  a  standard  size  weighing  100  lbs.  yields 
5  amperes  at  10  volts,  or  50  watts  for  10  hours:  just  enough 
to  feed  a  16-C.P.  lamp.  The  total  discharge  is  500  watt-hours 
or  two-thirds  of  one  H.P.-hour.  The  special  forms  of  battery 
used  in  automobiles,  including  the  Edison  type,  give  about  twice 
this  output  for  the  same  weight.  The  weight  of  even  the  lighter 
types  is  ahnost  prohibitive  to  portability  except  for  automobiles,  rail- 
way train  lighting,  and  special  purposes. 

Portable  batteries,  for  example,  are  used  for  feeding  small  motors, 
lamps,  etc.,  for  medical  or  dental  purposes,  in  which  cases  their 
weight  is  not  a  serious  difficulty  in  view  of  the  importance  of  the 
work  and  the  small  amount  of  energy  required.  Small  batteries 
are  employed  for  theatrical  lighting  effects,  being  carried  by  the 
performers.  Storage  batteries  are  also  used  as  source  of  power 
to  drive  small  fan,  kinetoscope,  and  other  motors. 

Storage  Batteries  for  Preventing  Fluctuations  due  to  unsteadi- 
ness in  the  driving  power  or  in  the  load,  as  with  elevators,  are  often 
applied  successfully.  A  dynamo  driven  by  a  gas-engine,  for  exam- 
ple, may  vary  periodically  in  speed  because  of  the  explosive  action 
of  the  gas  in  the  cylinder;  and  a  battery  connected  in  parallel  with 
the  dynamo  will  have  the  effect  of  steadying  the  voltage.  A  storage 
battery  is  often  installed  in  connection  with  a  small  gas-  or  steam- 
engine  lighting  plant  to  enable  the  engine  to  be  stopped  for  a  con- 
siderable portion  of  the  time,  and  thus  save  labor  and  attention, 
in  which  case  the  battery  may  also  act  to  prevent  fluctuations.    A 
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windmill  electric-lighting  plant  must  have  a  battery  or  other  means 

of  storing  energy,  not  only  to  elimi- 
nate fluctuations  in  speed  which 
are  continually  occurring,  but  also 
to  bridge  over  periods  of  calm 
weather. 

To    Furnish    Energy    during 

Certain   Portions  of  the  Day  or 

ITight.  —  In  almost  every  electric- 

Ughting  plant  there  are  long  periods 

during  the  day  and  late  at  night 

when  the  number  of  lamps  lighted 

is  so  small  that  it  may  not  pay 

to  run  the  generating  machinery. 

g,  For  example,  Fig.  175  is  a  load 

diagram  showing  the  weekly  output 

of  the  electric  plant  of  the  Astor 

I  Building  in  New  York  City.    The 

i  -  "2  I  generating  plant  runs  from  3  a.m. 


to  8  P.M.  each  day,  the  battery 
being  charged  from  3  a.m.  to 
11  A.M.;  and  when  the  generating 
plant  is  shut  down  at  8  p.m. 
the  battery  carries  the  entire  load 
until  3  A.M.,  when  the  plant 
is  started  up  again.  Saturday 
nights  the  plant  is  shut  down  at 
eight  o'clock,  and  the  battery  fur- 
nishes all  the  energy  needed  until 
three  o'clock  Monday  morning. 
This  enables  the  plant  to  be 
operated  by  two  gangs  or  shifts; 
practically  no  labor  being  required 
for  the  remaining  seven  hours, 
as  the  battery  carries  the  load,  and 
the  machinery  is  stopped  entirely 
all  day  Sunday,  giving  a  stretch 
of  thirty-one  hours  once  a  week 
and  seven  hours  each  night  for  cleaning  and  repairs.    In  a  hotel,  resi- 
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dence,  or  on  board  a  yacht  it  may  be  particularly  desirable  to  stop 

the  machinery  and  avoid  the  vibration  and  noise  during  the  night. 

Storage  Batteries  to  Aid  in  Canying  the  Mazimiim  Load. — 

Assiune  in  the  case  of  the  load  diagram  shown  in  Fig.  176  that  the 
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Fig.  170,    Locut  Curve  ahowing  '^Peak  "  of  Load  by  a  Storage  Battery, 

generating  machinery  is  capable  of  supplying  8,000  kilowatts  and 
that  a  storage  battery  is  used  to  furnish  the  remaining  3,600  kilo- 
watts at  the  time  of  maximum  load,  that  is,  the  '*peak"  of  the 
load  diagram.  This  simply  means  that  batteries  are  substituted  for 
a  certain  portion  of  the  machinery  plant,  and  the  question  is  whether 
or  not  the  substitution  is  of  advantage. 

The  first  cost  of  a  battery  for  a  given  rate  of  output  depends 
simply  upon  the  time  of  discharge.  It  usually  has  a  normal 
period  of  discharge  of  about  eight  hours,  at  which  rate  its  price 
to  furnish  a  given  number  of  watts  would  be  3  to  5  times  as 
great  as  that  of  the  equivalent  boilers,  engines,  and  d)aiamos 
combined;  but  if  the  time  of  discharge  is  reduced  to  about  two  or 
three  hours,  the  costs  are  about  equal,  and  with  a  still  higher  rate 
the  cost  of  batteries  would  be  less. 

As  a  matter  of  fact,  the  storage  battery  secures  other  advantages, 
so  that  the  total  gain  may  be  very  important.  For  example,  there 
is  a  reserve  supply  in  case  of  accident  and  the  load  may  be  made 
more  uniform,  as  will  now  be  explained. 

Storage  Batteries  to  Maintain  Uniform  Load  o^  Engines. — 
Steam-engines  are  very  inefficient  at  light  loads,  and  this  fact  often 
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causes  serious  losses  in  electric-lighting  plants.  Judicious  selec- 
tion of  the  number  and  sizes  of  the  engines  enable  them  to  be  worked 
in  most  cases  at  a  considerable  fraction  of  their  full  capacity  nearly 
all  of  the  time.  Nevertheless  the  storage  battery  gives  greater 
flexibility  to  the  plant,  and  increases  the  economy  of  the  engines  by 
making  their  loads  still  more  uniform,  and  nearer  to  full  capacity 
while  they  are  runningr  The  engines  can  thus  be  made  to  run  at 
approximately  full  load,  the  battery  being  charged  when  the  external 
load  is  light,  and  the  battery  taking  the  peak  of  the  load  when  it  is 
heavy. 

Storage  Batteries  Used  as  Transfonners.  —  If  the  cells  of  a 
battery  are  arranged  in  series  while  being  charged,  and  in  parallel 
for  discharging,  a  high  voltage  will  be  required  for  charging,  and  a 
low  voltage  will  be  given  out.  The  amounts  of  energy  measured 
in  watt-hours  are  the  same,  less  the  loss  of  about  25  per  cent  which 
always  occurs;  the  result  is  similar  to  that  obtained  by  an  alternating- 
current  transformer  or  motor  dynamo,  but  is  less  efficient.  As  an 
example  of  the  converse  arrangement  the  equipment  at  the  Brooklyn 
Navy  Yard  may  be  mentioned.  It  consists  of  250  small  celb  con- 
nected up  in  series-parallel  of  5  sets  of  50  cells  each  and  charged 
on  a  110- volt  circuit.  When  discharged  they  are  all  connected  in 
series  and  give  about  500  volts,  but  with  small  current.  This 
equipment  is  used  to  furnish  500  volts  for  insulation  tests  of  cables, 
so  that  little  or  no  current  is  required. 

Storage  Batteries  Used  for  Subdividing  Voltage. — ^The  most 
important  practical  case  is  that  in  which  a  dynamo  of  220  volts 
charges  a  battery  of  corresponding  potential,  a  three-wire  system 
being  supplied  from  the  battery,  the  neutral  wire  of  which  is  con- 
nected to  the  middle  point  of  the  battery  as  represented  in  Fig.  177. 
This  arrangement  avoids  the  necessity  of  running  two  dynamos, 
and  allows  the  battery  to  be  placed  in  a  substation  near  the  district 
to  be  suppUed,  so  that  it  is  only  necessary  to  run  two  conductors  to 
that  point  instead  of  three. 

The  Hartford  Electric  Light  Company  was  one  of  the  first  in 
this  country  to  introduce  the  modem  method  of  high-tension  trans- 
mission, with  low-tension  three-wire  distribution.  The  auxiliary 
storage  battery  used  with  this  equipment  consists  of  130  chloride 
cells  (65  on  a  side),  each  containing  31  negative  and  30  positive 
plates,  each  15^X31  inches,  placed  in  lead-lined  tanks  measuring 
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68JX21JX43J  inches.    Fig.  178  is  a  diagram  showing  the  general 
plan  of  the  system.    The  power  is  transmitted  10.8  miles  from 
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Fig,  177,    BattBry  UaBtl  to  Subdlotde  Vottage, 


the  Farmington  River  Power  Station  to  the  Pearl  Street  Station,  m 
Hartford,  by  means  of  step-up  transformers,  a  10,000-volt  trans- 
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Fig.  178.    Plan  of  the  Farmington  RIoor^Hartford  DIttrlbutlon  Sgttom, 


mission  line,  and  step-down  transformers  for  distribution.  From 
the  Pearl  Street  Station  to  State  Street,  a  distance  of  3,000  feet,  the 
current  is  transmitted  at  2,400  volts,  at  which  latter  point,  by  means 
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of  Step-down  transformers  and  rotary  converter,  the  storage  battery 
is  charged  and  the  current  distributed  over  a  low  tension  three-wire 
system. 

Storage  Battery  for  Substations. — ^The  plan  of  instating  bat- 
tery plants  at  local  centers,  charged  from  the  main  station,  enables 
one  conductor  to  be  saved  in  a  three- wire  system,  as  already  stated. 
It  also  makes  it  possible  to  reduce  the  size  of  the  conductors,  because 
the  current  which  flows  over  them  can  be  kept  practically  constant, 
so  that  it  is  not  necessary  to  have  them  large  enough  to  carry  the 
maximum,  which  may  be  several  times  the  average  value.  The 
generating  machinery  has  the  same  steady  load  as  if  the  battery 
were  located  near  it. 

An  excellent  example  of  the  storage  battery  substation  is 
the  Bowling  Green  Plant  of  the  New  York  Edison  Company. 
While  acting  as  an  auxiliary  supply  to  the  general  system,  the 
battery  also  takes  care  of  the  distribution  of  current  to  the 
extensive  installation  in  the  Bowling  Green  Building  itself.  The 
supply  of  current  to  charge  the  battery  is  taken  from  the  Duane 
Street  Station,  about  a  mile  distant,  over  four  tie  feeders  equipped 
with  controllable  disconnective  switch-boxes  on  the  Bowker-Van 
Vleck  plan.  This  enables  them  to  be  used  as  tie  feeders  by  dis- 
connecting them  from  the  general  system  during  the  hours  of  light 
load,  and  as  distributing  feeders  during  the  hours  of  maximum 
load,  when  they  feed  current  into  the  system  from  each  end.  A 
considerable  saving  is  thus  effected  in  the  investment  because  costly 
feeders  are  not  required  to  supply  the  maximum  load  to  a  distant 
part  of  the  system. 

This  installation  of  an  auxiliary  source  of  current  supply  in  the 
lower  district  makes  it  possible  to  shut  down  the  generators  in  the 
Duane  Street  Station  during  the  hours  of  minimum  load,  the  supply 
of  energy  to  the  district  below  8th  Street  being  derived  from  the 
battery  plants  at  Bowling  Green  and  12th  Street  Stations,  supple- 
mented, if  desired,  by  the  supply  from  the  26th  Street  Station  over 
the  tie  lines  to  the  12th  Street  Station,  whence  the  current  is  dis- 
tributed through  boosters  raising  it  to  the  required  potential,  over 
the  tie  feeders  to  the  Duane  Street  Station  switchboard.  The 
battery-  and  operating-rooms  of  the  Bowling  Green  Station  are 
located  in  the  sub-basement  of  the  Bowling  Green  OflSce  Building. 
Vitrified  hollow  tile  for  conducting  the  feeder  cables  are  laid  under 
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the  battery-room  floor,  which  consists  of  glazed  white  tile.  Drains 
to  carry  off  the  water  or  acid  run  in  the  aisles  between  the  cells  and 
lead  to  small  cesspools  which  discharge  into  a  lead  drain-pipe. 

The  battery  comprises  150  Chloride  cells,  seventy-five  in  series 
on  each  side  of  the  three-wire  system.  The  cells  consist  of  wooden 
tanks,  40J  by  21J  by  30J  inches,  treated  with  an  acid-proof  paint 
and  lead-lined,  each  containing  14  positive  and  15  negative  plates 
15J  inches  wide  by  31  inches  high.     Each  tank  is  supported  on 


Fig.  170.  Connectiona  of  the  Bowling  Qreen  Storage  Substation. 


four  petticoat  porcelain  insulators  resting  upon  6-inch  glazed  tiles. 
The  plates  are  suspended  in  the  tanks  by  shoulders  resting  upon 
heavy  sheets  of  glass,  which  stand  upon  lead  saddles  in  the 
bottoms  of  the  tanks.  The  cells  are  connected  by  welding  the 
plate  terminals  to  lead  bus  bars,  no  mechanical  connections  being 
used. 

Twenty  of  the  end-cells  on  each  side  of  the  system  are  used 
for  regulating,  being  separately  connected  to  contact  points  on 
the  regulating  switches,  which  carry  movable  contacts  operated  by 
a  screw.    The  potential  is  raised  or  lowered  by  cutting  in  or  cut- 
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ting  out  the  regulating  cells.  Two  regulating  switches  are  con- 
nected in  multiple  on  the  positive  and  two  on  the  negative  side  to 
permit  of  discharge  at  two  potentials,  or  to  enable  the  battery  to 
be  charged  and  discharged  simultaneously.  The  conductors  be- 
tween the  two  series  of  ceUs,  and  between  the  regulating  ceUs  and 
regulating  switches,  consist  of  copper  bars  3  inches  wide  by  \  inch 
thick,  supported  on  porcetain  insulators  resting  in  hangers.  The 
connections  of  this  equipment  are  shown  in  Fig.  179. 

The  capacities  of  the  battery  at  various  rates  of  discharge  are: 
2,000  amperes  per  side  for  1  hour;  1,000  amperes  per  side  for  3  hours; 
400  amperes  per  side  for  10  hours. 

Provision  has  been  made  in  the  battery-room  for  the  installa- 
tion of  a  duplicate  battery,  to  be  placed  over  the  present  plant. 
The  booster  is  used  to  raise  the  voltage  from  that  of  the  system 
to  that  required  for  charging  the  battery.  The  booster  can  be 
used  also  to  raise  the  voltage  of  discharge  for  feeding  some  distant 
point  of  the  system  at  a  higher  potential  than  that  normally  required. 
It  consists  of  one  positive  and  one  negative  dynamo  at  each  end 
of  a  common  shaft  driven  by  two  motors.  Each  dynamo  has  a 
capacity  of  1,200  amperes  and  a  range  of  pressure  up  to  60  volts. 

Storage  Batteries  Used  for  Two  or  More  of  the  Above-named 
Purposes. — Each  of  the  different  uses  has  been  considered  separately 
to  avoid  confusion,  but  in  most  cases  the  storage  battery  is  adopted 
in  order  to  secure  several  advantages.  By  thus  combining  differ- 
ent applications  the  plant  is  rendered  not  only  more  economical^ 
but  also  more  flexible.  For  example,  the  battery  may  be  utilized 
to  help  out  the  generating  machinery  at  times  of  heavy  load,  or 
when  the  latter  is  partially  or  wholly  disabled.  It  often  happens 
that  it  is  difficult  to  produce  or  maintain  sufficient  steam-pressure, 
owing  to  poor  draft  or  other  conditions,  in  which  event  a  battery 
enables  the  boilers  to  be  temporarily  relieved  of  some  or  all  of  the 
drain  upon  them  while  the  pressure  is  being  raised  to  the  proper 
point.  It  may  also  be  necessary  or  desirable  to  shut  down  the 
machinery  or  a  portion  of  it,  temporarily,  in  order  to  make  some 
repair  or  adjustment.  It  is  possible  to  feed  some  of  the  circuits 
from  the  battery  while  others  may  be  supplied  at  a  higher  or  lower 
voltage  by  the  machinery.  In  these  ind  many  other  ways  the 
storage  battery  may  be  a  convenient  adjunct  to  an  electrical  sys- 
tem.   The  fact  that  it  is  so  radically  different  from  the  machinery 
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in  its  nature  and  action  makes  it  unlikely  that  the  entire  plant  will 
be  crippled  at  one  time,  since  the  two  sources  of  current  are  not 
exposed  to  the  same  dangers.  An  accident  to  the  steam-piping, 
for  instance,  might  shut  down  all  the  machinery,  but  probably  it 
would  not  affect  the  battery;  and,  vice  versa,  an  accident  to  the 
latter  is  not  likely  to  extend  to  the  former. 

As  an  example  of  this  application  of  the  storage  battery  to 
several  purposes,  the  following  case  may  be  cited: — 

The  power-house  of  the  Woronoco  Street  Railway  Company, 
in  Westfield,  Mass.,  contains  two  75-kilowatt  multipolar  genera- 
tors belted  to  two  120-H.P.  high-speed,  simple,  non-condensing 
engines,  steam  being  furnished  by  two  90-H.P.  return-tubular 
boilers.  The  battery  consists  of  264  ' '  Chloride  "  Type  F-1 1  cells,  in 
glass  jars  of  Type  F-13,  permitting  an  increase  of  20  per  cent  by 
the  addition  of  one  pair  of  plates  in  each  cell,  and  is  installed  in  a 
small  brick  extension  to  the  power-house.  The  cells  are  located 
in  one  tier,  each  cell  being  supported  on  a  sand-tray  resting  on 
four  glass  insulators.  The  foundation  for  each  row  of  cells  con- 
sists of  two  stringers  of  wood  suitably  braced  and  supported  on 
brick  piers.  This  battery  was  not  installed  as  a  voltage  regulator, 
the  feeders  being  so  designed  that  the  drop  on  the  line  is  small. 

Due  to  the  battery  the  load  on  the  machinery  is  reduced  within 
the  capacity  of  one  imit,  leaving  the  second  one  as  a  reserve  in  case 
of  accident  or  imusually  heavy  load.  Without  the  battery  both 
machines  would  be  needed  nearly  all  of  the  time.  The  economy  of 
operation,  resulting  from  using  one  unit  instead  of  two,  is  shown 
by  the  following  station  records: — 


Date,  zSqq. 


Lbs.  Coal. 


Output, 

Kw.-hrs. 


Lbs.  Coal 
per  Kw.-br. 


With  battery.... 
Without  battery. 


Oct.  25-27 
Oct.  28 


16,250 
6,250 


3»032 
981 


5-36 
6.37 


This  shows  an  increase  in  the  coal  consumption  of  19  per  cent 
on  the  day  when  the  operation  of  the  battery  was  discontinued. 
The  plant  is  also  noteworthy  from  the  fact  that  the  station  attend- 
ance is  reduced  to  one  man  per  shift,  the  engineer  doing  his  own 
firing.  This  arrangement  could  not  have  been  continued  imder 
the  conditions  of  increased  load,  had  it  not  been  for  the  improved 
regulation  and  reduction  of  coal  handling,  and  the  increased  reli- 
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ability  of  operation  secured  by  the  battery.  On  several  occasions 
the  battery  has  been  called  upon  to  carry  the  entire  load  of  the  sys- 
tem for  an  hour  or  so,  during  a  temporary  shut-down  of  the  rest  of 
the  plant,  as  well  as  early  in  the  morning  or  late  at  night,  when  only 
one  or  two  cars  are  running. 

Storage  Batteries  for  Train  Illumination. — ^When  cars  are  lighted 
by  oil-  or  gas-lamps,  these,  owing  to  their  size,  and  the  heat  produced 
by  them,  can  be  installed  only  in  certain  places,  so  that  the  dis- 
tribution of  light  is  not  general,  besides  which,  the  heat  and  odor 
given  oflF  by  the  lamps  are  objectionable.  The  inflammable  char- 
acter of  the  illuminants  involves  great  danger  of  explosion  or  fire  in 
case  of  a  train  wreck.  The  absence  of  these  disagreeable  and  dan- 
gerous features  in  electric  lighting,  is  what  has  made  its  application 
so  desirable  in  railway  service.  Several  methods  of  electric  illu- 
mination have  been  tried  for  this  purpose.  In  one  of  the  simplest  a 
small  dynamo,  on  the  locomotive  truck,  or  perched  above  the  boiler, 
is  driven  by  a  small  steam  turbine.  While  this  is  an  economical 
method,  it  has  the  objection  that,  when  the  locomotive  is  uncoupled, 
the  cars  must  be  illuminated  by  some  other  means. 

For  this  reason,  the  storage-battery  system  of  supply  has  been 
adopted.  One  of  the  most  recent  methods  is  the  "Axle  Light" 
System,  in  which  the  mechanism  is  suspended  from  the  bottom  of 


F\g.  180.    M9thotl  of  Suapenalon  Axle  Light  8yat9m. 

the  car,  and  is  completely  incased,  so  as  to  be  dust-  and  water-proof. 
It  comprises  a  small  dynamo  driven  from  a  pulley  on  the  axle  of 
the  car  by  means  of  a  friction  coupling.    The  dynamo  and  driving 
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mechanism  are  shown  in  Fig.  180.  The  former  generates  from 
32  to  40  volts,  depending  upon  the  speed  of  the  train  provided  that 
it  exceeds  15  miles  per  hour,  the  dynamo  being  then  automatically 
connected  to  the  battery  and  lamp  circuit.  An  automatic  device 
rectifies  the  direction  of  current,  so  that  even  when  rotation  is  re- 
versed, the  battery  is  always  charged  in  the  proper  direction.  A 
variable  resistance  in  series  with  the  field-coils  is  automatically 
adjusted  by  a  small  motor,  so  that  even  at  high  speed  the  normal 
limit  of  voltage  is  not  exceeded.  The  lamps  are  16  C.P.  at  30 
volts,  the  filaments  being  short  and  heavy,  so  that  they  are  not  in- 
jured by  vibration.  After  the  storage  battery  has  been  charged, 
it  acts  in  parallel  with  the  dynamo  and  avoids  fluctuations  in  volt- 
age. When  the  car  stops,  the  dynamo  is  automatically  cut  out  and 
the  full  supply  of  current  is  furnished  by  the  battery,  which  is  large 
enough  for  a  ten-hour  supply  at  full  load. 

Connection  and  Regulation  of  Storage  Batteries. — ^The  complete 
control  of  a  battery  in  an  electric-lighting  plant  requires  provi^i^n 
to  be  made  for  feeding  the  lamps,  etc.,  from  either  the  d)aiamo  or 
battery  separately,  or  from  the  two  working  in  parallel;  and  it 
should  be  possible  to  charge  the  battery  at  the  same  time  that  lamps 
are  being  supplied.  To  accomplish  these  results  requires  three 
switches, — one  to  connect  the  battery  to  the  dynamo,  one  to  connect 
the  lamps  to  the  dynamo,  and  one  to  connect  the  lamps  to  the  bat- 
tery. In  some  plants  the  second  switch  is  omitted,  because  the 
lamps  are  always  fed  by  the  battery  alone,  the  latter  being  charged 
during  the  day,  when  no  lamps  are  in  use.  However,  it  is  desirable 
to  have  all  three  switches  in  every  plant  in  order  to  be  able  to  sup- 
ply lamps  and  charge  the  battery  at  any  time.  In  the  battery  cir- 
cuit there  should  be  an  ammeter  having  a  scale  on  both  sides  of 
zero,  so  that  it  shows  whether  the  battery  is  being  charged  or  dis- 
charged, as  well  as  the  value  of  the  current.  Another  similar  am- 
meter is  required  in  the  circuit  between  the  dynamo  and  the  battery, 
to  show  the  direction  and  amount  of  current.  A  third  ammeter  is 
desirable  in  the  lamp  circuit,  to  show  the  total  current  supplied  to 
the  lamps;  but  it  need  only  indicate  on  one  side  of  zero,  since  the 
current  there  always  flows  in  the  same  direction.  A  voltmeter  is 
required  with  a  three-way  switch  to  connect  it  to  the  dynamo,  bat- 
tery, or  lamps  respectively. 

An  automatic  overload  switch  must  be  inserted  in  the  battery 
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circuit  SO  as  to  open  or  introduce  resistance  into  the  circuit  when 
the  current  becomes  excessive.  An  automatic  cut-out  is  required 
between  the  dynamo  and  the  battery  to  open  the  circuit  when  the 
charging  current  falls  below  a  certain  value,  and  thus  avoid  any 
danger  of  the  battery  discharging  through  the  dynamo,  if  from 
any  cause  the  EM.F.  of  the  latter  drops  below  that  of  the  former. 
This    completes    the    ordinary   measuring   and    circuit-controlling 
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Fig,  181.    SuiteMboanI,  Dynamo,  and  BatUry  Conneattont, 

apparatus  employed  in  connection  with  storage  batteries.  The 
arrangement  is  shown  diagrammatically  in  Fig.  181,  in  which  A 
and  i4'  are  the  two  ammeters,  the  third  one  being  omitted  in 
this  case;  V  is  the  voltmeter;  E  the  voltmeter  switch  to  connect 
to  the  dynamo,  battery,  or  lamps  as  desired;  G  the  bus  bars;  L, 
lamps;  D,  dynamo;  i?,  rheostat  in  field-circuit  of  dynamo. 

The  regulating  device  consists  of  eleven  end-cells,  which    are 
connected  to  corresponding  contacts  on  the  end-cell  switches  (Fig. 
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181).  But  as  the  drawing  of  these  connections  would  complicate 
the  figure,  they  have  been  omitted.  Fig.  182  shows  the  switch- 
board with  these  devices  mounted  upon  it. 
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Fig.  182.    Faoe  of  Switchboard. 

The  regulation  of  storage  batteries  is  one  of  the  most  trouble- 
some matters  involved  in  their  practical  use.  This  arises  from 
the  fact  that  the  voltage  falls  continually  from  the  beginning  to 
the  end  of  discharge.  To  be  sure,  this  decline  is  gradual;  but  its 
total  value  is  large,  being  from  about  2.2  to  about  1.8  volts,  which 
is  a  decrease  of  over  18  per  cent. 

In  order  to  maintain  a  constant  voltage,  the  usual  plan  is  to 
have  a  number  of  extra  cells,  which  are  successively  switched  into 
circuit  as  the  potential  falls.  These  reserve  cells  and  the  switches 
which  control  them  are  represented  in  Fig.  181.  The  contact 
pieces  of  these  switches  must  be  made  in  such  a  way  that  they  do 
not  short-circuit  the  cells  as  they  pass  from  one  point  to  the  next. 
This  is  accomplished  by  splitting  the  movable  contact  into  two 
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parts,  between  which  a  certain  amount  of  resistance  is  introduced^ 
so  that  when  the  two  parts  happen  to  rest  on  two  adjacent  contact 
points,  the  resistance  prevents  the  cell  which  is  connected  to  these 
two  points  from  being  short-circuited,  and  also  avoids  breaking 
the  circuit. 

The  number  of  extra  cells  depends  upon  the  conditions;  for 
110-volt  lamps,  it  would  require  51  cells  to  obtain  112.2  volts 
when  fully  charged  and  giving  2.2  volts  each,  assuming  the  drop 
on  the  conductors  at  2  per  cent.  When  the  battery  becomes  dis- 
charged, and  its  potential  falls  to  1.8  volts  per  element,  10  addi- 
tional cells  or  61  in  all,  would  be  needed.  These  would  yield 
111.8  volts,  assuming  the  average  potential  of  the  reserve  cells  to 
be  2  volts,  since  they  have  not  been  discharged  to  the  same  extent 
as  the  original  battery.  If  the  drop  on  the  conductors  is  10  per 
cent  of  the  lamp  voltage,  the  potential  at  the  battery  will  have  to 
be  110+11  =  121.  This  will  necessitate  4  more  elements,  or 
a  total  of  65  when  the  51  original  cells  are  fully  discharged  to  1.8 
volts,  and  the  14  extra  cells  give  2  volts  each. 

For  a  three- wire  system  the  above  figures  should,  of  course, 
be  doubled.  This  switching  of  extra  cells  into  and  out  of  the 
circuit  obviously  results  in  discharging  them  unequally,  hence 
they  require  to  be  charged  to  a  corresponding  extent.  This  is 
accomplished  by  successively  cutting  the  cells  out  of  circuit  as 
soon  as  they  become  fully  charged,  the  last  cell  which  was  put 
into  the  circuit  being  fully  charged  in  the  shortest  time,  and  so 
on.  The  amount  of  charge  is  determined  by  the  methods  already 
given.  If  the  cells  employed  are  not  injured  by  overcharging, 
they  may  be  left  in  circuit  until  the  entire  battery  is  fully  charged. 
This  saves  the  trouble  of  operating  the  switch;  but  it  is  wasteful 
of  energy,  since  the  full  counter  E,M,F.  and  resistance  of  the 
charged  cells  must  be  overcome,  which  requires  about  2.5  volts 
per  element.  The  switches  might  be  operated  automatically  by 
a  voltage  regulator  or  by  clockwork. 

BSaUIiATION    OF   aSlTEBATOR    US    GHABQIira    STOBAaS 
BATTBRIEB. 

The  variation  in  E.M.F.  which  occurs  in  batteries  renders  it 
somewhat  difficult  to  regulate  the  generators  employed  to  charge 
them.    A  constant  potential  will  give  a  decreasing  rate  of  charge^ 
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owing  to  the  gradual  rise  in  counter  E.M.F,  This  is  advantageous, 
in  that  it  enables  the  cells  to  receive  a  larger  charge,  but  the  increase 
in  their  voltage  is  so  great  that  it  is  practically  necessary  to  regulate 
the  charging  potential.  In  practice  it  is  customary  to  maintain 
the  charging  current  approximately  constant  for  considerable 
periods  of  time,  otherwise  it  would  be  difficult  to  determine  the 
quantity  of  energy  put  into  the  battery  and  its  efficiency.  When 
extra  cells  are  used  they  faciUtate  the  regulation  of  the  generator, 
because  they  are  gradually  cut  out  as  the  E.M.F,  rises. 

If  the  lamps  are  supplied  at  the  same  time  that  the  battery  is 
being  charged,  some  provision  must  be  made  for  the  fact  that  it 
is  necessary  for  the  voltage  of  the  dynamo  to  be  considerably  higher 
than  that  required  by  the  lamps.  One  plan  is  to  have  two  sepa- 
rate switches  connected  to  the  reserve  cells,  as  shown  in  Fig.  181, 
the  charging  current  from  the  dynamo  being  led  in  through  one, 
and  the  current  for  the  lamps  passing  out  through  the  other,  so 
that  the  potential  can  be  independently  controlled  in  the  two  cir- 
cuits. Another  method  is  to  insert  counter  E.M,F.  cells  (with- 
out active  material)  in  the  circuit  between  the  dynamo  and  the 
lamps,  in  order  to  bring  down  the  voltage  of  the  former  to  suit 
the  latter.  The  number  of  these  cells  is  varied  in  accordance  with 
the  excess  of  the  potential  of  the  generator. 

Simple  resistance  coils  may  be  used  in  place  of  the  counter 
E.M.F.  cells  to  reduce  the  pressure;  but  the  cells  have  the  great 
advantage,  that  they  have  an  eflFect  practically  independent  of 
variations  in  current.  All  of  these  methods,  however,  involve  waste 
of  power,  the  value  of  which  in  watts  is  the  product  of  the  cur- 
rent in  amperes,  and  the  number  of  volts  by  which  the  potential 
is  cut  down.  In  small  plants  this  loss  is  not  serious,  but  in  large 
plants  or  central  stations  it  may  become  large. 

Booster  Methods  of  Regulation. — The  best  plan  is  to  make  use 
of  a  ** booster";  in  which  case  the  main  dynamos  are  run  at  the 
proper  voltage  to  supply  the  lamps  directly,  and  the  additional  pres-  \ 
sure  required  to  charge  the  battery  is  furnished  by  the  booster. 
This  is  connected  in  series  with  the  dynamos,  being  inserted  in  a 
circuit  between  the  latter  and  the  battery. 

When  a  battery  is  placed  at  the  end  of  a  long  feeder  to  com- 
pensate for  line  drop,  and  at  light  loads  to  act  as  a  storage  reservoir, 
it  is  not  usual  to  equip  this  '* floating  battery"  with  any  regulating 
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device.  In  such  cases  the  battery  is  simply  connected  across  the 
line,  and  the  charge  and  discharge  are  determined  by  the  feeder 
drop.  For  instance,  when  a  small  load  is  on  the  luie,  the  drop  is 
small,  and  the  potential  applied  across  the  battery  terminals  is 
high  enough  to  send  a  charging  current  into  the  battery.  When 
the  load  on  the  line  increases  the  drop  naturally  increases,  the 
pressure  at  the  end  of  the  line  falls,  and  if  it  falls  below  the  battery 
voltage,  the  battery  discharges  in  parallel  with  the  generator,  and 
carries  a  certain  portion  of  the  load.  The  ** floating  battery"  has 
the  advantage  of  simplicity,  and  acts  immediately,  as  it  does  not 
have  the  time  lag  present  in  apparatus  depending  uj)on  changes  in 
magnetization.  Usually  the  variations  in  voltage  and  fluctuations 
in  load  are  too  great  for  successful  operation  of  a  floating  battery 
on  any  but  an  electric  railway  or  power  circuit,  and  a  booster  would 
be  required  if  incandescent  lamps  be  a  part  of  the  load. 

The  duty  of  a  booster  is  to  vary  the  voltage  at  the  battery  ter- 
minals with  variation  in  load,  causing  charging  or  discharging  of 
current  as  conditions  may  require.  The  booster  is  an  auxiliary 
dynamo,  the  E,M,F.  of  which  is  used  to  raise  or  lower  the  voltage 
in  the  battery  circuit.  These  machines  are  classified  as  series, 
shunt,  compound,  differential  and  constant  current  boosters. 

The  Shunt  Booster  is  a  shunt  dynamo,  driven  by  any  source 
of  power,  having  its  armature  circuit  in  series  with  the  line  from 
generator  to  battery.    This  form  is  used  in  plants,  where  the  bat- 
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Fig,  183,    Load  Diagram  of  Can  whoro  Shunt  Boottor  !t  Applicablo, 
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tery  is  not  designed  to  take  up  load  fluctuations,  but  is  in  service 
only  to  carry  the  peak  of  the  load,  being  charged  during  periods 
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of  light  load,  and  discharged  in  parallel  with  the  generator.  It 
acts  to  increase  the  voltage  applied  to  the  battery  so  that  the  charg- 
ing current  will  flow  into  the  latter.  As  a  rule  the  battery  used 
in  conjunction  with  a  shunt  booster  is  made  large  enough  to  carry 
the  entire  load  during  the  light  load  period.  As  the  battery  dis- 
charges and  its  voltage  drops,  the  **end  cells"  (regulating  cells)^ 


END  CELLS 
fig.  184.    Diagram  of  Shunt'BoogUr  ConneetloM. 

are  cut  in  and  the  proper  voltage  maintained.  Fig.  183  is  a  load 
diagram  to  which  this  system  is  applicable,  and  Fig.  184  shows  the 
connections.'  A  rheostat  is  used  to  vary  the  booster  voltage,  so 
as  to  hasten  the  charging  of  the  battery  if  desired.  It  is  to  be  noted 
that  the  shunt  booster  is  not  applicajDle  where  there  are  sudden 
fluctuations  that  are  great  compared  with  the  capacity  of  the  gene- 
rator, and  that  it  is  not  automatic  in  changing  from  charge  to  dis- 
charge, the  switching  being  performed  by  hand. 

Series  Booster. — ^The  connections  are  like  those  of  the  shunt 
booster  with  the  battery  and  booster  in  series  across  the  line,  but 
the  field  of  the  booster  being  in  series  with  the  battery  circuits,  its 
E.M.F,  is  zero  when  no  current  is  flowing  in  or  out  of  the  battery. 
Should  the  voltage  of  the  line  rise,  due  to  a  decrease  of  load,  and  a 
charging  current  flow  into  the  battery,  the  E.M.F.  of  the  booster 
would  increase,  and  thus  tend  to  increase  the  rate  of  charge.  The 
reverse  occurs  when  the  battery  discharges,  as  an  increase  of  load 
on  the  line  increases  the  current  through  the  series  field  of  the 
booster,  thus  raising  the  voltage  of  discharge  so  that  the  battery 
carries  a  larger  part  of  the  load. 
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This  booster  acts  to  compound  the  battery  on  discharge,  and 
tends  to  maintain  a  constant  vohage  on  the  line.  It  depends  on 
the  fact  that  the  generator  voltage  falls  when  the  load  increases; 
hence  it  is  used  with  a  Aunt  generator  or  equivalent  source  of 
supply.  This  system  is  applicable  to  power  but  not  to  incandescent 
lighting  purposes,  being  similar  in  operation  to  a  "floating  battery." 
It  is  not  as  extensively  used  as  the  compound  and  differential  booster 
arrangements  which  give  better  regulation. 

Compound  Booster. — This  system  is  used  on  railway  and  power 
circuits  with  great  fluctuations  in  load,  the  battery  acting  to  prevent 
excessive  drop  and  to  assist  the  generating  machinery  in  carrying 
the  load,  relieving  it  from  the  strain  of  sudden  rushes  of  current. 
The  connections  are  indicated  in  Fig.  185,  and  the  operation  is  as 
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follows: — Under  normal  load  conditions  the  shunt  field  Fh  of  the 
booster  creates  an  E,M.F,  in  the  same  direction  as  the  batterv, 
tending  to  discharge  it.  Calling  Eg  the  E,M,F,  of  the  generator, 
Ea  the  booster  E,M,F,  and  £^  the  battery  EM,F,  we  have  £^  =  £a+ 
£^  when  no  current  is  flowing  into  or  out  of  the  battery.  In  this 
case  the  generator  carries  the  whole  external  load.  If  the  load 
increases  Eg  decreases,  so  that  Ea+E^^  is  greater  than  £^  and  the 
battery  begins  to  discharge.  In  discharging,  the  current  passes 
through  the  series  field  Fs  of  the  booster  and  produces  a  propor- 
tional E,M,F,,  acting  with  the  shunt  field  to  raise  £a,  thus  increasing 
the  battery  discharge  and  shifting  more  of  the  load  from  the  gener- 
ator, until  the  system  becomes  balanced'. 

If  the  load  on  the  external  circuit  be  light,  the  generator  voltage 
Eg  rises  and  current  flows  into  the  battery.  In  this  case  the  series 
field  acts  against  the  shunt  field  and  decreases  Ea,  so  that  the  gen- 
erator voltage  is  greater  than  booster  and  battery  voltage  combined, 
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thus  increasing  the  rate  of  charge  of  the  battery,  until  the  load 
causes  the  generator  voltage  to  drop  to  normal  and  the  system  is 
again  balanced.  The  battery  and  booster  can  be  placed  at  the 
power  house  or  where  the  greatest  drop  is  likely  to  occur. 

As  this  system,  like  the  series  booster,  depends  for  its  action 
upon  the  drop  of  voltage  with  increase  of  load,  it  is  only  applicable 
to  shunt-wound  generators. 

Differential  Boosters. — ^The  differential  booster  system  most 
commonly  used  is  shown  in  Fig.  186.     The  compensating  field- 
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,  F\g.  186.    Diagram  of  DlfftrtntJat  Booster  Conneotlons, 

coil  5j  opposes  the  shunt  coil  F  and  prevents  the  variation  of  the  bat- 
tery E.M.F.  from  disturbing  the  equilibrium  of  the  system.  If 
the  battery  EM.F.  be  lower  than  normal  it  will  not  discharge 
rapidly  enough  to  relieve  the  generator  from  overload  fluctuations, 
unless  the  booster  E,M,F.  be  increased,  and  the  generator  will 
therefore  have  to  supply  a  current  greater  than  normal.  If  a  current 
^eater  than  normal  flows  through  S^,  the  effect  of  the  shunt 
coil  F  opposed  by  the  series  coil  5^  is  decreased,  and  the  series  coil 
5,  acting  in  the  same  direction  as  S^  causes  a  higher  booster  E.M.F. 
tending  to  discharge  the  battery,  and  thus  brings  down  the  generator 
load  to  normal.  Should  the  battery  E.M.F.  be  above  its  normal 
value,  the  battery  would  discharge  too  rapidly  and  carry  more 
than  its  share  of  the  load;  in  this  case  F—S^  is  greater  than  it 
should  be,  and  the  booster  E,M,F.  causes  the  load  to  become  eveiJy 
distributed  between  the  battery  and  generator. 

In  operating  this  system  the  varying  load  must  be  beyond 
the  booster  equipment.  The  coils  S^  and  S^  may  be  temporarily 
short-circuited  so  that  the  battery  may  be  charged  more  rapidly. 

Constant-Current  Booster. — In  systems  having  short  lines 
and  small  drop  it  is  often  desirable  to  have  the  voltage  fall  on  sudden 
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application  of  an  overload,  so  that  the  rush  of  excessive  current  is 
prevented.  This  rush  of  current  occurs  in  buildings  where  elevator 
and  other  motors  constitute  a  large  part  of  the  load,  and  to  prevent  it 
the  constant-current  booster  is  used. 

In  this  system,  represented  in  Fig.  187,  the  main  current  passes 
through  the  armature  and  series  field  of  the  booster,  but  does  not 
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Fig.  187,    Diagram  cf  Contttuit'OMmnt  Bootttr  Conn9atlOM, 

reverse.  The  voltage  impressed  on  a  fluctuating  load  of  motors  on 
the  right  is  greater  than  that  impressed  on  a  non-fluctuating  load 
of  lamps  on  the  left,  by  the  amount  of  the  booster  voltage. 

The  shunt  coil  F  of  the  booster  creates  an  E.M.F.  in  the  same 
direction  as  the  generator  E.M.F.,  while  the  series  coil  F  opposes 
it.  Should  a  load  come  on  the  motor  portion  of  the  circuit,  the 
generator  sends  a  greater  current  through  the  series  coil  F,  which 
reduces  the  booster  E.M.F.  in  direct  proportion  and  causes  it  to 
vary  inversely  as  the  motor  load,  thus  tending  to  maintain  an  almost 
constant  current  delivery  from  the  generator.  The  battery  will 
furnish  power  to  both  the  lights  and  motors,  at  periods  of  light  load, 
without  the  generator,  if  the  generator  switch  is  opened  and  the 
booster  short-circuited  by  closing  switch  5,.  The  switch  5^  is  closed 
in  charging  the  battery,  as  the  rate  of  charge  can  be  controUed  by 
varying  the  shunt  field  resistance  R,  This  is  often  done  when  the 
battery  has  been  carrying  a  heavy  load  for  some  time  and  the  re- 
charging must  be  hurried. 

The  following  are  the  most  important  books  relating  to  storage 
batteries,  the  last  three  being  recent  and  the  others  historical: 

Recherches  sur  PElectricUe,  by  Gaston  Plants,  Paris,  1883. 
The  Storage  of  Electric  Energy,  sl  translation  of  the  above  by  P.  B.  Elwell, 
London,  1887. 
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The  Chemistry  of  Secondary  Batteries^  by  Gladstone  and  Tzibe,  London^ 
1883. 

Piles  EkdHques  et  AccumukUeurs,  by  £lmile  Reynier,  Paris,  1884. 

The  Voltaic  Accumulator,  a  translation  of  the  above  by  J.  A.  Berly,  London, 
1889. 

TraiU  des  Piles  Electriques,  by  D.  Tonunasi,  Paris,  1889 

Secondary  BaUertes,  by  J.  T.  Niblett,  London,  1892. 

The  Voltaic  Cell,  by  Park  Benjamin,  New  York,  1893. 

Electric  Light  InstaUaHons,  vol.  i.,  Management  of  Accumulators^  by  Sir 
D.  Salomons,  Seventh  Edition,  London,  1894. 

The  Storage  Battery,  by  A.  Treadwell,  Jr.,  N.  Y.  and  Lond.,  1898. 

The  Lead  Storage  Battery,  by  D.  G.  FiUgerald,  London,  1900. 

Secondary  Batteries,  by  £.  J.  Wade,  N.  Y.  and  Lond.,  1902. 

Storage  Battery  Engineering,  by  Lamar  Lyndon^  New  Yozk,  1903. 
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CHAPTER  XXII. 

BWITCHBOARDB, 
INCLX7DING'  8WITCHBB,  FUBBB,  AND  CIRCt7IT-BRSAKISR8. 

Various  electrical  conductors  and  apparatus,  such  as  switches, 
measuring  instruments,  and  other  auxiliary  devices,  are  required 
to  connect  and  control  the  different  dynamos  and  circuits  in  an 
electric-lighting  plant.  These  might  be  considered  to  be  mere 
details  of  the  system,  but  they  constitute  a  branch  of  the  subject 
which  is  by  no  means  insignificant. 

Station  Conductors.  —  Electrical  conductors  which  connect 
the  dynamos  with  the  switchboard,  and  other  conductors  in 
the  dynamo-room,  may  be  arranged  according  to  three  different 
plans :  — 

1.  They  may  run  overhead  as  aerial  lines. 

2.  They  may  be  carried  along  the  walls  or  ceiling. 

3.  They  may  be  laid  under  the  floor. 

All  three  of  these  plans  are  commonly  used,  and  the  prefer- 
ence would  depend  upon  circumstances. 

1.  Overhead  station  conductors  possess  the  advantages  of 
cheapness,  shortness  of  path,  and  accessibility  for  inspection  and 
repair;  any  short-circuit  or  ground  could  be  instantly  seen  and 
removed,  whereas  it  might  occasion  great  uncertainty  and  delay 
in  the  case  of  conductors  placed  under  the  floor. 

Overhead  conductors  in  the  dynamo-room  may  consist  of  rods 
of  copper  of  circular  or  rectangular  cross-section,  and  may  be 
bare,  provided  the  potential  is  not  over  800  volts.  In  the  case  of 
high-tension  conductors  of  1,000  volts  or  more,  they  should  be 
covered  with  insulating  material,  to  prevent  accidental  contact 
with  persons,  or  with  wires  or  other  conductors  which  might  fall 
across  or  touch  them.  These  conductors,  whether  insulated  or 
bare,  are  supported  by  suitable  rods  or  brackets.  One  of  the 
simplest  and  neatest  arrangements  consists  of   an  iron  or  brass 
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pipe,  screwed  into  a  flange  or  socket  in  the  ceiling,  and  provided 
with  a  ring  or  strap  at  its  lower  end,  which  is  lined  with  an  insu- 
lating bushing  of  porcelain  or  hard  rubber,  through  which  the 
conductor  passes. 

2.  Conductors  laid  along  the  walls  or  ceiling  are  similar  in  char- 
acter and  arrangement  to  those  just  described,  and  are  often  more 
easily  supported  ;  a  simple  porcelain  insulator  attached  to  the  wall 
being  usually  sufficient,  and  applicable  alike  to  high-  or  low-tension 
conductbrs.  Low-potential  wires  may  be  laid  in  molding  or  inte- 
rior conduits,  similar  to  ordinary  house-wiring  ;  but  in  the  station 
it  is  often  desirable  to  have  the  main  conductors  visible  and  acces- 
sible, even  though  they  may  be  somewhat  unsightly,  and  this  last 
objection  can  be  largely  avoided  by  neat  arrangement. 

3.  Conductors  laid  under  the  floor  have  the  advantage  over 
either  of  the  preceding  plans  that  the  wires  are  entirely  out  of  the 
way;  and  this  is  an  especially  important  matter  in  large  plants, 
where  an  overhead  traveling  crane  is  almost  a  necessity  for  hand- 
ling the  dynamos  and  other  machinery.  Overhead  conductors,  or 
even  those  carried  to  the  side  walls,  are  decidedly  in  the  way  of  a 
traveling  crane,  and  interfere  seriously  with  the  great  convenience 
which  it  affords  in  handling  heavy  machines  or  parts. 

The  placing  of  the  wires  under  the  floor  also  gives  a  clearer 
and  neater  appearance  to  the  station.  They  have  the  disadvantage 
of  inaccessibility  already  mentioned,  and  also  the  liability  of  becom- 
ing wet  when  the  floor  is  washed.  The  first  difficulty  is  overcome 
by  providing  a  specially  made  trough  or  conduit  in  the  floor,  the 
cover  of  which  is  flush  with  the  latter,  and  is  made  in  convenient 
lengths  to  be  easily  taken  up  for  examining  or  repairing  the  con- 
ductors. Wires  under  the  floor  should  have  a  first-class  moisture- 
proof  insulating  covering,  so  that  they  would  not  be  short-circuited 
or  grounded,  even  if  submerged  in  water. 

In  case  there  is  another  story  or  space  below  the  dynamo-room, 
the  conductors  can  be  run  down  through  the  floor,  and  carried 
along  below  on  porcelain  insulators,  like  the  ceiling  conductors 
already  mentioned. 

Since  so  much  depends  upon  the  perfect  insulation  and  con- 
tinuity of  these  conductors,  the  greatest  care  should  be  exercised 
in  laying  them,  so  that  they  are  a  sufficient  distance  apart  at  all 
points,  and  do  not  run  too  near  any  gas-  or  water-pipe,  iron  beam, 
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brick  or  stone  walls,  or  other  body  which  might  ground  or  other- 
wise injure  them.  Where  it  is  necessary  for  them  to  pass  through 
a  wall,  partition,  or  floor,  they  should  be  insulated  with  a  tube  of 
porcelain  or  other  suitable  material. 

All  conductors,  including  those  which  connect  the  dynamos 
with  the  switchboard,  as  well  as  the  'bus  bars  or  wires  used  for 
connecting  the  various  switches,  instruments,  etc.,  should  be  of 
ample  size  to  be  free  from  overheating  and  excessive  loss  of 
voltage.  It  is  not  uncommon  to  find  a  drop  in  pressure  of  two 
per  cent  or  more  between  the  generators  and  the  switchboard. 
This  should  be  reduced  to  one,  and  preferably  to  one-half,  per 
cent,  because  it  interferes  with  the  proper  regfulation  of  the  ap- 
paratus, and  adds  to  the  less  easily  unavoided  drop  on  the  dis- 
tributing conductors. 

This  subject  belongs  more  properly  under  electrical  distribu- 
tion ;  but  it  may  be  stated  as  a  general  rule  that  these  conductors 
should  have  a  cross-section  of  at  least  one  square  inch  per  i,cxx) 
amperes. 

Switchboards.  —  In  many  of  the  early  electric-lighting  plants 
the  switchboards  were  made  entirely  of  wood  ;  but  so  much  trouble 
was  caused  by  fire  and  short-circuits,  that  some  non-combustible 
material  is  now  considered  almost  essential.  One  of  the  best  of 
these  is  marble ;  since  it  is  a  good  insulator,  is  not  hygroscopic, 
has  a  fine  appearance,  is  not  affected  by  any  reasonable  tempera- 
ture, and  can  be  obtained  free  from  conducting  veins,  the  last 
named  being,  in  the  case  of  slate  switchboards,  a  source  of  great 
trouble.  Slate  has  been  extensively  used  for  switchboards ;  and 
where  it  can  be  obtained  free  from  the  conducting  veins  just  men- 
tioned, it  is  an  excellent  material,  since  it  is  considerably  stronger 
and  tougher  than  marble.  It  is  often  "  marbleized ; "  that  is, 
treated  in  such  a  way  as  to  fill  the  pores,  and  thus  prevent  the 
absorption  of  moisture,  and  at  the  same  time  make  an  imitation 
marble,  which  it  is  almost  impossible  to  distinguish  from  the  real. 

Switchboards  composed  of  glass  plates  or  earthenware  tiles 
have  also  been  used  with  good  results,  white  glazed  tiles  being 
particularly  well  suited  to  this  purpose.  Wood  should  not  be 
used  for  a  switchboard,  except,  possibly,  where  the  switches,  fuse- 
blocks,  supports  for  wires,  etc.,  are  all  of  porcelain,  or  other 
incombustible  substance,  so  that  the  wood,  in  the  form  of  slats. 
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is  merely  a  frame  or  backing  to  which  these  various  devices  are 
attached,  all  parts  of  the  circuit  being  kept  away  from  the  wood, 
so  that  there  is  no  danger  of  touching  or  burning  it.  Since 
marble,  slate,  tiles,  or  glass  plates  are  not  convenient  to  use  in 
sizes  larger  than  one  or  two  feet  square,  it  is  necessary  to  make 
up  large  switchboards  of  many  panels,  which  are  held  together  by 
frames  of  iron,  brass,  or  wood.  The  presence  of  a  metal  frame 
is,  of  course,  objectionable,  since  it  may  cause  short  circuits ;  but 
it  is  customary  to  employ  it,  since  it  is  a  simple  way  to  support 
the  slabs  of  insulating  material.  Wooden  frames  have  been  sub- 
stituted for  metallic  ones,  the  idea  being  that  the  switchboard 
itself  is  made  of  incombustible  material,  and  the  wooden  framing 
merely  holds  it  together. 

The  arrangement  of  instruments,  switches,  connections,  etc., 
on  a  switchboard,  should  be  conveniently  and  systematically  car- 
ried out.  The  path  of  the  current  should  be  as  short  as  possible, 
and  preferably  always  in  one  direction;  that  is  to  say,  it  may 
pass  from  left  to  right,  or  from  top  to  bottom,  or  vice  versa, 
the  wires  being  brought  in  on  one  side,  and  carried  out  on  the 
other.  The  crossing  of  wires  or  connections  is  to  be  avoided  as 
far  as  possible. 

Wires,  and  all  parts  carrying  current,  should  be  placed  far 
enough  apart  at  all  points  to  prevent  accidental  contact,  or  the 
jumping  across  of  the  current  where  the  difference  of  potential 
is  great.  Wires  and  current-carrying  parts  must  also  be  kept 
at  a  sufficient  distance  from  conducting  bodies,  such  as  screw- 
heads,  metal  brackets,  gas-pipes,  etc.,  to  avoid  accidental  grounds 
or  short  circuits.  Instruments  and  switches  should  be  accessible 
for  observation  and  operation ;  but,  at  the  same  time,  parts 
carrying  high-voltage  currents  must,  if  possible,  be  placed  out 
of  reach  of  accidental  contact  by  persons,  or  else  protected  by  an 
insulating  shield. 

There  are  three  important  classes  of  switchboards  used  in 
electric  lighting:  — 

1.  Low-potential  incandescent  lighting  at  about  110  or  220 
volts. 

2.  Series  arc  lighting  at  2,000  to  7,500  volts. 

8.   Alternating-current  switchboards  for  1,000  to  2,500  volts. 
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There  are  also  many  forms  of  high-tension  switchboards  used 
in   connection   with   the   long-distance   transmission   of   electrical 

energy.  Even  in  such  cases,  how- 
ever, the  pressure  does  not  ordi- 
narily exceed  12,000  to  15,000 
volts,  any  higher  pressure  existing 
on  the  line  being  stepped-up  and 
stepped-down  by  means  of  station- 
ary transformers  at  the  transmitting 
and  receiving  stations.  It  is  a 
common  practice  in  large  cities  to 
transmit  three-phase  electrical  en- 
ergy, at  about  6,600  volts,  from 
central  generating  stations  to  vari- 
ous substations,  at  which  it  is 
stepped-down  in  voltage  and  in 
many  cases  converted  into  direct  current  for  distribution  to  the 
consiuners.    This  important  method  is  described  in  Chapter  X, 


F\q,  188.    Knlf9  Switch. 


Fig,   189.     Kaif0  Switch. 

Vol.  II.    Examples  of  the  different  classes  of  switch-boards  are  given 
at  the  end  of  this  chapter. 

Switches  are  devices  for  closing  and  opening  the  various  cir- 
cuits or  branches.  The  base  of  a  switch  is  made  of  slate,  marble, 
or  other  fireproof  material.  In  good  practice,  wood  is  no  longer 
allowable  for  switch-bases.  If,  however,  in  an  emergency  it  must 
be  used,  as,  for  example,  when  a  marble  switch-base  has  be- 
come  cracked,    it    should    be   protected   by  a   sheet  of  mica  or 
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asbestus,  to  prevent  charring  of  the  wood.  The  base  of  a  switch 
requires  to  be  very  strong  in  order  not  to  break,  crack,  or  bend, 
on  account  of  the  mechanical  strains  and  the  heating  effect  of 
arcs,  both  of  which  are  quite  severe  in  the  case  of  large  switches. 

The  contact  surfaces  of  switches  should  be  ample,  the  minimum 
area  being  .01  square  inch  per  ampere ;  and  in  the  case  of  arc- 
light  or  other  high-voltage  circuits  where  the  current  is  usually 
small,  the  contact  surface  should  be  .02  to  .05  square  inch  per 
ampere.  The  surfaces  should  have  a  sliding  contact ;  a  simple 
normal  pressure  between  two  surfaces  being  entirely  unsatisfac- 
tory for  the  purpose,  as  the  least  dirt  or  oxidation  would  prevent 
good  contact.  In  this  country  some  of  the  well-known  forms  of 
"knife"  switches  are  almost  universally  employed  to  control 
large  currents,  that  is,  those  exceeding  10  or  20  amperes;  but  in 
Europe,  switches  are  often  used  in  which  the  contact  is  made  by 
the  ends  of  a  number  of  strips  of  copper  bent  into  semicircular 
form.  This  form  of  switch  insures  even  better  contact  than  the 
knife  switch ;  but  the  objection  to  it  is  that  the  ends  of  the  sep 
arate  strips  of  copper  dig  into  the  contact  surfaces  and  roughen 
them. 

In  the  knife  switch  the  blade  enters  between  two  copper 
springs  or  clips,  which  are  pressed  together,  the  blade  often 
being  made  somewhat  loose  in  order  to  adjust  itself ;  in  fact, 
perfect  alignment  and  fit  of  the  blade  and  the  clips  are  somewhat 
difficult  to  accomplish,  and  is  the  chief  trouble  with  this  form 
of  switch.  Hence,  to  insure  a  good  contact,  particularly  if  the 
blade  cannot  adjust  itself,  the  springs  should  be  made  flexible 
either  by  building  them  up  of  several  thicknesses  of  metal,  or  by 
slitting  them/  into  a  number  of  separate  fingers.  The  contact 
pieces  should  be  shaped  so  that  they  open  along  their  entire 
length  at  the  same  time,  otherwise  the  arc  formed  would  concen- 
trate, at  the  last  point  or  corner  of  contact,  and  thus  burn  or  melt 
it  away.  Indeed,  the  arc  produced  by  opening  a  circuit  carrying 
a  heavy  current  is  one  of  the  most  difficult  matters  to  control 
in  practical  electrical  engineering ;  but  ordinarily  in  electric 
lighting,  circuits  are  not  opened  while  a  heavy  current  is  flowing. 
In  case  of  accident,  however,  it  might  be  necessary  to  do  this ; 
and  a  switch  should  be  capable  of  opening  the  circuit  with  full 
current   a  reasonable   number  of   times  without    serious   injury. 
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But  if  a  circuit  has  to  be  opened  very  frequently,  some  of  the 
forms  of  circuit-breaker,  that  are  described  at  the  end  of  this 
chapter,  should  be  adopted. 

In  "  quick-break "  switches  the  contact-pieces  are  snapped 
apart  by  spring  action,  the  object  being  to  make  the  time  during 
which  the  arc  exists  as  short  as  possible.  These  are  useful  in 
many  cases;  but  the  most  recent  practice,  particularly  in  large 
plants,  is  to  employ  circuit-breakers  for  interrupting  currents  of 
any  considerable  volume,  either  automatically  or  by  hand.  Simple 
knife  switches  are  also  provided;  but  their  function  is  to  close, 
rather  than  to  open,  circuits,  and  to  make  connections  that  are 
not  likely  to  be  broken  while  large  currents  are  flowing. 

All  parts  of  a  switch  which  carry  current  should  have  a  cross- 
section  of  at  least  one  square  inch  per  thousand  amperes  for 
copper,  and  two  or  three  times  as  much  for  brass.  It  is  not  uncom- 
mon to  find  switches  in  which  brass  pieces  used  to  convey  current 
become  highly  heated  at  full  load.  This,  of  course,  is  extremely 
objectionable,  and  probably  arises  from  the  mistake  of  making 
the  brass  conductors  of  the  size  that  would  be  right  for  copper, 
whereas  the  former  only  has  about  one-third  the  conductivity. 
As  far  as  possible,  copper  should  be  used  for  the  current-carrying 
parts  of  switches  and  other  portions  of  the  circuit ;  and  if  brass 
is  adopted  because  it  is  easier  to  work,  or  presents  a  more  orna- 
mental appearance,  its  lower  conductivity  must  always  be  taken 
into  account.  In  designing  switches,  the  current  should  not  be 
allowed  to  pass  through  springs  which  act  mechanically,  that  is, 
those  which  are  not  mere  contact  springs ;  since  the  heat  of  the 
current  is  almost  certain  to  "  kill,*'  or  take  the  elasticity  out  of 
them.  To  avoid  this,  one  or  both  ends  of  the  spring  may  be 
insulated.  The  current  should  not  be  allowed  to  pass  through 
any  pivot,  bearing,  or  fulcrum,  as  the  contact  is  uncertain,  and  the 
current  is  likely  to  melt  the  parts  together  and  prevent  the  move- 
ment of  the  switch.  In  small  switches  this  rule  is  often  violated, 
but  in  good  practice  the  blade  or  arm  itself  should  extend  from 
one  contact  point  to  the  other.  The  screws  for  holding  the  con- 
ductors should  be  large  enough  to  stand  being  firmly  tightened ; 
iron  screws  with  square  or  hectagonal  heads  are  preferable  to 
brass  or  slotted  screws  in  the  case  of  conductors  of  any  consid- 
erable size.     The  effective  length  of  the  screws  ought  to  be  at 
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least  twice  their  diameter  to  avoid  stripping  the  thread ;  in  short, 
considerable  strength  is  required  to  hold  the  conductors  firmly  in 
place.  Some  device  should  be  provided  to  hold  the  switch  open 
and  prevent  accidental  closing.  This  can  usually  be  accomplished 
by  simply  placing  the  switch  so  that  the  arm  hangs  downward 
by  gravity  when  it  is  open.  The  stupid  mistake  is  often  made 
of  reversing  this  arrangement,  so  that  the  handle  tends  to  fall 
and  close  the  switch ;  which  danger  should  be  avoided,  even  if  the 
switch  is  provided  with  a  catch  to  hold  it  open.  The  handle  of 
any  switch,  even  for  lowrtension  currents,  must  always  be  per- 
fectly insulated.  Special  forms  of  switches  for  arc,  alternating, 
and  other  circuits  will  be  described  under  Electrical  Distribution 
in  Volume  II. 

Safety  Fuses.. —  Almost  all  electrical  circuits,  except  those  for  ' 
constant-current  arc-lighting,  are  protected  from  abnormal  increase 
of  current  by  safety  fuses.  These  consist  of  wires  or  strips  of 
metal  introduced  into  the  circuit,  and  so  designed  in  cross-section 
and  resistance  that  they  will  melt  and  open  the  circuit  in  case  of 
excessive  current,  before  the  rest  of  the  circuit  becomes  unduly 
heated.  These  devices  ^re  extremely  simple,  and  would  seem  to 
be  very  satisfactory  for  the  purpose ;  nevertheless,  much  uncer- 
tainty exists  in  regard  to  the  theory  and  practice  of  safety  fuses. 

The  requirements  for  an  effective  safety  fuse  may  be  stated 
as  follows :  — 

1.  They  should  melt  with  a  definite  current. 

2.  They  should  not  change  in  this  respect  by  the  effect  Of 
time,  heating,  or  other  action  of  the  current,  or  in  fact  under  any 
reasonable  conditions. 

3.  They  should  act  promptly. 

4.  They  should  give  a  firm  and  lasting  contact  with  the  ter- 
minals to  which  they  are  attached. 

The  ordinary  practice  is  to  manufacture  spools  or  coils  of  wire, 
composed  of  some  easily  fusible  alloy ;  or,  for  larger  currents,  flat 
strips  of  fusible  metal  provided  with  copper  terminals  are  used. 
The  idea  is  that  each  size  of  fuse  will  carry  a  certain  normal 
current,  but  will  melt  and  open  the  circuit  with  a  certain  excess 
of  current,  which  is  usually  put  at  25  per  cent  or  33  J  per  cent 
increase.     But,  as  a  matter  of  fact,  the  fusing  point  is  consider- 
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ably  modified  by  many  conditions,  such  as  temperature  of  the 
surrounding  air,  position  of  the  fuse,  whether  it  be  open  or 
enclosed,  vertical  or  horizontal,  and  whether  it  be  on  the  floor, 
wall,  or  ceiling.  The  length  of  the  fuse  has  also  a  great  eflfect, 
the  heat  being  rapidly  absorbed  from  the  ends  of  a  short  fuse 
by  the  blocks  to  which  it  is  connected;  and,  furthermore,  the 
size  of  these  pieces  would  vary  the  amount  of  heat  which  they 
are  capable  of  taking  up. 

It  is  evident,  therefore,  that  the  exact  conditions  under  which 
a  given  fuse  is  to  be  used  should  be  specified,  in  order  to  secure 
uniform  results.  In  fact,  fuse  blocks  or  boxes  should  be  stan- 
dardized, in  which  cases  they  ought  to  be  sufficiently  reliable  in 
their  action,  since  the  physical  principles  upon  which  they  depend 
are  simple  and  definite.  Their  construction  is  also  so  very  simple 
and  cheap  that  it  would  seem  to  be  a  mistake  to  give  them  up 
for  more  complicated  devices,  except  in  certain  cases.  The  objec- 
tion is  often  urged  against  fuses  that  they  have  a  certain  capacity 
for  heat  which  allows  the  current  to  rise  considerably  above  the 
normal  point  if  it  increases  very  suddenly.  This  is  actually  an 
advantage,  because  the  conductors  and  apparatus  which  the  fuse 
protects  have  a  still  greater  heat  capacity ;  consequently  a  momen- 
tary excess  of  current  which  does  not  melt  the  fuse  cannot  cause 
any  injury  in  the  rest  of  the  circuit.  This  avoids  the  interrup- 
tion of  the  supply  and  the  renewal  of  the  fuse  every  time  there 
happens  to  be  a  rush  of  current  for  an  instant. 

A  paper  and  discussion  on  "  The  Rating  and  Behavior  of  Fuse 
Wires,"  by  Professor  W.  M.  Stine  and  others,  contains  valuable 
information  upon  this  subject.* 

A  report  by  Mr.  W.  McDevitt  to  the  Philadelphia  Board  of 
Fire  Underwriters  on  "The  Gross  Untrustworthiness  of  Fuse 
Metals  and  Appliances  as  a  Means  of  Protection  for  Electric 
Circuits  —  The  Remedy,"  f  gives  the  results  of  many  tests  on 
fuses.  It  is  a  question,  however,  whether  the  difificulties  are  not 
largely  or  entirely  due  to  improper  and  variable  conditions,  that 
can  be  avoided  as  already  pointed  out. 

Electromagnetic  Circuit-Breakers,  cut-outs,  or  limit-switches 
are  used  in  place  of  fuses  to  protect  electrical  circuits  from  exces- 

♦    Trans,  Amer,  Inst,  EUc,  Eng,,  October,  1896. 
t  Electrical  Engineer  (N.Y.),  Feb.  5,  1896. 


SWITCHBOARDS,  INCLUDING  SWITCHES,  ETC, 


439 


sive  current.  These  circuit-breakers  comprise  the  switch  part  as 
well  as  a  solenoid  in  the  main  circuit,  which  acts  upon  a  movable 
core.  When  the  current  exceeds  a  certain  value,  the  core  is  drawn 
in  and  a  trigger  is  tripped,  which  allows  the  switch  portion  of  the 
circuit-breaker  to  fly  open  under  the  action  of  a  spring.  In  the 
General  Electric  circuit-breaker,  the  main  contact  is  made  by  heavy 
copper  jaws,  but  the  last  breaking  of  the  contact  is  made  between 
points  which  are  under  the  influence  of  a  magnetic  field.  This 
magnetic  field  blows  out  the  heavy  arc  that  would  otherwise  be  estab- 
lished. On  the  I-T-E,  the 
Westinghouse,  and  most  oth- 
er types  of  circuit-breaker, 
the  breaking  of  the  contact 
takes  place  between  carbon 
points,  which  are  not  so 
readily  destroyed  by  an  arc 
as  are  copper  contacts,  and 
which  are  more  cheaply  re- 
newed. The  main  contact 
through  the  circuit-breaker, 
in  either  type,  is  made  be- 
tween copper  jaws  of  suffi- 
cient cross-section  to  carry 
the  current  without  heating. 
These  jaws  open  before  the 
current  is  interrupted  by  the 
smaller  contacts  which  take 
the  final  arc. 

In  Fig.  190  is  repre- 
sented a  General  Electric  circuit-breaker  with  magnetic  blow-out 
coils  at  the  top,  solenoid  at  the  left,  and  handle  for  resetting  the 
circuit-breaker  at  the  bottom.  The  small  handle^  for  tripping  the 
circuit-breaker  when  it  is  desired  to  open  the  circuit  by  hand  is 
shown  just  imder  the  solenoid. 

An  I-T-E  circuit-breaker  is  shown  in  Fig.  191.  This  is  of 
the  tjrpe  previously  mentioned,  in  which  the  final  break  occurs 
between  the  carbon  contacts  at  A  and  there  is  no  magnetic 
blow-out. 


Fig.  190.    Q,  £.  Ctreuft-Breaker. 
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Circuit-breakers  possess  the  advantages  over  fuses  that  they  can 
be  instantly  opened  by  hand  if  desired,  they  are  readily  closed  and 
put  in  condition  to  act  again,  they  can  be  set  to  open  with  a  definite 
current,  and  do  not  injure  the  face  of  the  board  when  opened  under 


® 


Fig,  191.    I'T-E  Ctreult-Breaiter. 

load.  In  general,  circuit-breakers  are  necessary  for  main  circuits, 
or  those  frequently  overloaded,  especially  in  electric  traction  and 
power  service.  They  should  be  used  also  for  the  principal  circuits 
on  electric-lighting  switchboards. 

Time-Limit  Circuit-Breakers. — ^Where  circuits  are  loaded  with 
large  induction  or  synchronous  motors,  or  other  devices  liable  to  pro- 
duce short  circuits  on  the  system  when  they  get  out  of  step  or  are 
suddenly  connected,  it  is  necessary  to  protect  them  with  circuit- 
breakers,  and  in  order  to  prevent  their  operation  by  momentary 
overloads  it  has  been  found  advisable  to  introduce  a  time  element 
on  the  circuit-breakers.  This  feature  requires  that  the  overload  be 
maintained  from  three  to  five  seconds  before  the  circuit  is  opened. 
This  factor  may  be  introduced  by  either  of  two  methods,  namely, 
by  a  clock  mechanism  or  by  an  adjusted  dash-pot.  The  clock- 
work time-limit  breaker  devised  by  Mr.  L.  B.  Stillwell,  Fig.  192, 
is  so  arranged  that  the  wheels  are  prevented  from  revolving  by  a 
pawl  which  may  be  lifted  out  of  place  by  relay  magnets,  energized 
from  the  line  by  means  of  current  transformers.  The  lifting  of  the 
pawl  allows  the  clockwork  to  operate  and  close  a  low-tension  relay 
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circuit,  which  trips  the  trigger  of  the  breaker  and  thus  opens  the  main' 
circuit.  The  clock  movement  can  be  adjusted  to  close  this  second  relay 
circuit  in  any  desired  time;  and  in  case  the  mechanism  is  started  by 


Fig,  192,    Ttme'LlmIt  Circuit-Breaker. 

an  overload,  which  is  removed  before  the  expiration  of  the  time  limit, 
the  pawl  drops  and  the  movement  returns  to  its  original  place. 

Tn  the  case  of  the  dash-pot  circuit-breaker,  the  core  of  the  solenoid 
is  lifted  against  oil  or  air  pressure,  which  can  be  so  adjusted  that  the 
overload  must  be  maintained  for  a  definite  period  before  the  core 
can  be  Ufted  far  enough  to  strike  the  release- trigger. 

High-Tension  Oil  Switches. — Alternating-current  generators  for 
high  voltages  usually  have  oil  switches  to  interrupt  the  main  cir- 
cuit, that  is,  switches  in  which  the  contact  is  made  and  broken 
under  oil.  These  switches  have  been  found  very  efficient  in  pre- 
venting the  formation  of  a  destructive  arc  upon  opening  circuits 
up  to  30,000  volts.  The  larger  oil  switches  are  operated  by  elec- 
tric motors  or  solenoids  energized  from  secondary  or  relay  circuits. 
The  machine-type  oil  switch  of  the  General  Electric  Company,  Fig. 
193,  has  the  energy  for  operating  it  stored  up  in  a  spring  which 
is  wound  up  by  a  small  electric  motor.      This  motor  runs  every 
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time  the  switch  is  opened  or  closed,  and  winds  up  the  spring 
enough  to  compensate  for  the  amount  it  was  unwound  in  operating 
the  switch.  Each  "  leg "  of  the  circuit  is  broken  under  oil  in  a 
long  tube,  and  these  tubes  are  mounted  in  individual  cells,  sepa- 


Fiq,  193.    HIgh'Untlon  Oil  Switch. 

rated  by  masonry  walls,  so  that  there  can  be  no  flashing  across 
from  one  to  another. 

Location  of  Switchboard. — In  the  design  of  buildings  for  cen- 
tral-station or  isolated  lighting  plants,  the  switchboard  should  be 
located  in  an  easily  accessible  place,  and  have  plenty  of  space  both 
in  front  and  behind.  In  many  instances  the  board  can  be  placed 
to  advantage  on  a  gallery  overlooking  the  generating  machinery. 
Care  should  be  taken  to  locate  the  switchboard  with  respect  to  the 
machinery  and  distributing  feeders  it  is  to  control,  so  that  the  cost 
of  copper  may  be  kept  down. 

As  extension  should  always  be  allowed  for,  the  panels  controlling 
the  generators  should  be  placed  at  one  end  of  the  board  and  the 
j)anels  controlling  the  feeders  should  be  placed  at  the  other  end. 

For  ordinary  direct-current  switchboards  a  space  of  about  3  feet 
should  be  left  between  the  back  of  the  board  and  the  wall,-  for  heavy 
work  or  high-tension  systems  a  space  of  6  to  8  feet  would  be  advis- 
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able.  In  all  instances  a  space  of  not  less  than  10  inches  should  be 
left  between  the  bottom  of  the  board  and  the  floor,  and  as  much  as 
3  feet  if  possible  between  the  top  of  the  board  and  the  ceiling,  in 
order  to  lessen  the  danger  of  communicating  fire  to  the  floor  or  ceil- 
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ing,  and  to  prevent  the  formation  of  a  partially  concealed  space 
very  likely  to  be  used  for  the  storage  of  rubbish,  oily  waste,  etc. 
A  typical  low-tension  isolated  plant  switchboard  is  shown  in  Fig.  194. 
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In  systems  working  at  2,000  volts  or  more,  it  is  excellent  prac- 
tice to  remove  all  high-tension  apparatus  from  the  face  of  the  board, 
the  switches  being  placed  in  fire-proof  compartments  of  brick  or 
soapstone,  and  operated  mechanically  through  bell-cranks  and 
levers  by  means  of  handles  on  the  face  of  the  panel,  or  electrically 


Fig.  19e.  Arc  Circuit  Switchboard. 

by  means  of  low-tension  relays.  The  instruments  are  connected 
to  the  secondaries  of  potential  or  current  transformers,  which  are 
conveniently  located,  and  connected  to  the  lines  of  the  high-tension 
system.  This  construction  naturally  requires  more  space  than  the 
simple  low- tension  switchboard,  but  the  danger  of  accidental  con- 
tact is  thereby  greatly  reduced.  The  main  current-carrying  appa- 
ratus may  be  placed  directly  back  of  the  board,  in  the  basement  or 
upon  a  gallery,  and  inclosed  in  fire-proof  compartments,  or,  if 
electrically  controlled,  the  main  apparatus  may  be  located  where 
desired.  The  general  arrangement  of  instruments  and  connections 
of  a  modem  high-tension  switchboard  is  shown  in  Fig.   195. 

Series  arc  switchboards  diflfer  from  the  other  types  mentioned, 
in  that  plugs  are  employed  on  them  instead  of  knife  switches;  this 
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is  possible  because  the  currents  are  small,  usually  from  5  to  10 
amperes.  The  function  of  the  arc  switchboard  is  to  enable  the 
rapid  transfer  of  one  or  more  arc-lamp  circuits  to  and  from  any 
of  a  number  of  generators  without  opening  the  circuit.  This 
transferring  is  sometimes  accomplished  by  means  of  a  pair  of  plugs 
connected  by  insulated  flexible  cables  or  by  plugs  without  cables 
which  bridge  two  contacts  on  the  back  of  the  board.  The  latter 
design  is  preferable,  because  the  danger  of  contact  with  damaged 
cables  is  eliminated.  The  type  of  arc  board  shown  in  Fig,  196 
is  of  the  bridging  type  and  is  designed  for  three  machines  and 
three  circuits. 
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CHAPTER    XXIII. 

BI.BOTRIOAL    MBASXTRINa    INSTRUMBNTS. 

The  subject  of  electrical  measurements  is  one  which  should  be 
treated  in  elementary  and  general  works,  or  in  those  devoted  to 
It.  being,  however,  extremely  important  and  presenting  a  some- 
what different  aspect  in  each  branch  of  electrical  work,  it  is  well 
to  consider  briefly  the  various  classes  of  instruments  and  their  ap- 
plicability to  electrical  plants. 

Classification. — ^The  most  important  types  of  electrical  measur- 
ing instruments  may  be  subdivided  as  follows: 

1.  Ordinary  galvanometers. — Coil  acting  upon  permanent  mag^ 
net. 

2.  Electromagnelic  devices. — Coil  or  electromagnet  acting  upon 
soft  iron. 

3.  Eiectrodynamometers. — ^Two  coils  acting  upon  each  other. 

4.  D^Arsonvai  instruments. — ^Action  between  coil  and  magnetic 
field. 

5.  Electrothermal  devices. — ^Heat  generated  by  current  produces 
expansion  or  other  effect. 

6.  Electrostatic  instruments. — ^Mutual  action  of  two  charged 
bodies. 

7.  Electrochemical  devices. — Electrolytic  effect  of  current. 

8.  Miscellaneous  instruments. — ^Repulsion  and  other  peculiar 
effects  of  alternating  currents. 

Galvanometers. — Until  about  1888,  practically  the  only  instru- 
ments used  to  measure  electric  currents  were  simple  galvanometers, 
consisting  of  a  permanently  magnetized  needle,  suspended  or 
mounted  so  as  to  deflect  by  passing  the  current  through  a  coil  Sur- 
rounding the  needle.  Ammeters  and  voltmeters  had  been  brought 
out  before  that  date,  but  were  rarely  employed  because  they  were 
not  very  accurate.  It  was  not  until  the  Weston  instruments  were 
introduced  during  1888  that  results  were  obtained  sufficiently  reli- 
able to  warrant  their  general  use  for  electrical  measurements. 

The  galvanometer  still  remains  the  most  sensitive  means  of  detect- 
ing very  feeble  currents;  but  for  almost  all  other  uses  galvanometers 
have  been  superseded  by  voltmeters  and  ammeters,  and  other  more 
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practical  forms  of  instrument.  Its  principal  applications  in  elec- 
trical engineering  are  measuring  the  resistance  of  the  insulation  of 
circuits  and  apparatus,  and  locating  faults  in  the  same.  Ordinarily 
insulation  resistance  has  a  value  of  many  megohms,  consequently 
it  requires  a  very  sensitive  instrument  to  detect  the  minute  current 
which  would  flow  through  such  a  high  resistance.  On  the  other 
hand,  this  delicacy  is  unnecessary,  and  in  fact  undesirable,  if 
stronger  currents  are  to  be  measured. 

The  D'Arsanval  galvanometer  differs  from  the  preceding  in  the 
fact  that  the  deflecting  part  consists  of  a  coil  of  wire  through  which 
the  current  to  be  measured  is  passed,  the  coil  being  hung  in  a 
field  produced  by  a  permanent  magnet.  Compared  with  the  other 
form  this  instrument  possesses  the  great  advantage  that  it  is  free 
from  ordinary  magnetic  disturbances.  For  example,  it  is  prac- 
tically unaffected  even  by  a  dynamo  at  a  distance  of  ten  feet.  A 
light  pointer  may  be  attached  to  the  moving  part  of  either  style  of 
galvanometer  in  order  to  measure  the  deflection;  but  for  very  feeble 
currents  a  very  small  mirror  mounted  on  the  moving  part  reflects 
a  beam  of  light,  thus  obtaining  the  effect  of  a  long  pointer.  In  fact 
the  deflection  as  read  on  the  scale  corresponds  to  twice  the  angular 
displacement.  Formerly  D' Arson val  galvanometers  were  far  less 
sensitive  than  the  magnetized  needle  type,  but  they  have  now  been 
developed  so  that  they  have  a  high  figure  of  method,  that  is,  the 
number  of  megohms  through  which  one  volt  will  produce  a  deflec- 
tion of  one  scale  division. 

These  and  other  forms  of  testing  apparatus  should  be  put  in  a 
small  room  by  themselves  in  a  central  station  of  any  considerable 
size,  being  quite  different  in  their  functions  from  the  ammeters,  volt- 
meters, etc.,  which  are  placed  on  the  switchboard  for  measuring  the 
output  of  the  plant. 

Principles  of  Voltmeters  and  Ammeters.  —  In  most  cases 
there  is  no  essential  difference  between  these  two  kinds  of  instru- 
ment. For  example,  a  galvanometer  used  to  measure  current  is 
also  capable  of  acting  as  a  voltmeter,  provided  the  resistance  in 
its  circuit  remains  constant,  because  the  current  which  flows  through 
it  is  directly  proportional  to  the  voltage.  Similarly,  any  voltmeter 
which  allows  current  to  pass  through  it  can  be  calibrated  to  indi- 
cate amperes  as  well  as  volts.  Ordinarily,  however,  an  ammeter  is 
made  with  as  low  resistance  as  possible,  being  placed  directly  in  the 
main  circuit,  because  it  is  important  that  the  loss  of  energy  {=PR) 
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shall  be  a  minimum.  Conversely,  the  resistance  of  a  voltmeter 
which  is  connected  as  a  shunt  to  the  generator  or  circuit  ought  to 
be  as  high  as  possible,  in  order  that  the  current  taken  by  it  shall  be 
insignificant.  Nevertheless  an  ordinary  ammeter  may  be  cali- 
brated as  a  millivoltmeter,  because  there  is  a  certain  voltage  corre- 
sponding to  each  value  of  the  current,  that  is,  F  =  //?.  In  an  analo- 
gous manner,  almost  any  voltmeter  (not  electrostatic)  can  be  con- 

V 
verted  into  a  milliammeter,  because  1  =  '^- 

Electromagnetic  Ammeters  depend  upon  the  principle  that  a 
current  tends  to  induce  magnetism  in,  and  exert  force  upon,  a  piece 
of  iron. 

A  great  many  different  forms  have  been  made  according  to  the 
same  general  plan,  one  of  the  simplest  and  best  known  being  the 
''pendulum  ammeter"  formerly  used  in  many  Edison  plants.  This 
consisted  of  a  coil  in  the  form  of  the  arc  of  a  circle,  which  drew 
into  itself  a  similarly  shaped  iron  core  swinging  on  a  pivot. 

The  advantages  of  these  electromagnetic  instruments  are  their 
simplicity  and  cheapness.  Their  disadvantages  are  the  fact  that 
they  do  not  indicate  definitely  near  the 
zero-point;  and  for  direct  currents  the 
hysteresis  of  the  iron  core  causes  the 
reading  for  a  given  current  to  be  lower 
when  the  latter  is  increasing  than  when  it 
is  decreasing.  For  these  reasons,  this  t)rpe 
should  not  be  used  where  a  considerable 
range  of  measurement  is  required  or  for 
direct  currents.  When  employed  for  alter- 
nating currents  the  iron  core  is  laminated 
or  made  up  of  fine  iron  wire  to  prevent 
the  circulation  of  eddy  currents. 

Electrodynamometers. — One  of  the  old- 
est and  simplest  of  these  is  the  Siemens  type, 
represented  in  Fig.  197,  which  comprises 
the  fixed  coil  A  and  the  movable  coil  C. 
The  latter  is  large  enough  to  surround  the 
former,  the  two  being  placed  so  that  their 
planes   are   perpendicular  to    each    other,     f'fg-  i^?.  Diagram  of  Siemens 

_,,  ,  ,  •!     •      1  1  ^1  1  Electrodynamometer. 

The  movable  coil  is  hung  by  a  thread,  or 

supported  on  a  steel  point,   electrical  connection  being  made   to 
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it  by  mercury  cups,  EE,  The  current  is  sent  through  the  two 
coils  in  series,  which  tends  to  turn  the  movable  one  into  the  same 
plane  with  the  other.  This  force  is  balanced  by  a  torsion  spring,  F^ 
that  is  twisted  in  the  opposite  direction  with  a  thumbscrew,  G, 
through  a  certain  angle,  as  indicated  by  a  pointer,  -ff,  attached  to 
the  screw.  The  mutual  force  between  the  coils  is  proportional  to 
the  square  of  the  current,  and  the  force  is  in  direct  ratio  with  the 
angle  of  torsion;  hence  the  current  varies  as  the  square  root  of  that 
angle.  The  instrument  is  calibrated,  or  provided  with  a  table 
which  gives  without  calculation  the  number  of  amperes  corresix)nd- 
ing  to  the  various  angles.  The  extra  coil,  A* ^  consists  of  a  greater 
number  of  turns,  and  is  used  to  measure  small  currents,  connec- 
tion being  made  by  the  binding-post  1'  instead  of  1. 

The  Kelvin  (Thomson)  ampere-balance,  which  depends  upon 
the  same  principle,  consists  of  two  flat  coils,  AA^  mounted  like 
scale-pans  upon  the  ends  of  a  lever.  These  coils  are  acted  upon 
by  fixed  coils,  CCCCy  placed  above  and  below  them,  the  force  being 
balanced  and  measured  by  weights.  The  current  passes  through 
all  of  the  coils  in  series,  as  indicated  in  Fig.  198. 

Electrodynamometers  are  very  accurate  and  constant,  because 
there  is  no  iron  present  to  cause  hysteresis;  and  they  are  applica- 
ble to  either  direct  or  alternating  currents.  They  are,  however,  some- 
what inconvenient  to  use,  it  being  necessary  with  the  forms  described 


to  either  twist  a  spring  or  move  a  weight,  and  the  force,  being  pro- 
portional to  the  square  of  the  current,  is  extremely  feeble  with 
small  currents,  and  excessively  strong  with  large  ones;  consequently 
the  accurate  range  is  quite  limited.  This  objection  does  not  apply 
when  this  principle  is  employed  in  wattmeters,  which  will  be  de- 
scribed later  in  the  present  chapter. 
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Weston  Voltmeters  and  Ammeters  resemble  the  D'Arsonval 
galvanometer  in  general  principle.  They  embody,  however,  addi- 
tional features  and  are  constructed  in  a  much  more  convenient  and 
durable  form;  their  perfection  in  design  and  workmanship  being 
such  that  they  are  sufficiently  accurate  not  only  for  practical  use, 
but  also  for  almost  any  laboratory  measurement.  The  deflecting 
part  consists  of  a  coil  of  fine  wire  wound  on  a  very  light  rectangular 
frame  of  aluminum  or  copper,  mounted  on  jewelled  centers,  and 
carrying  the  pointer.    This  coil  is  situated  between  the  poles  of  a 


Flq.  100.    Movmtnt  of  Wtgton  Inttrumtnt. 

permanent  magnet  of  horseshoe  form.  A  fixed  cylindrical  core  of 
soft  iron  is  supported  within  the  coil  to  reduce  the  reluctance  of  the 
air-gap.  Two  flat  spiral  springs  are  attached  to  the  ends  of  the 
frame,  and  perform  the  double  function  of  opposing  the  deflecting 
force  and  conveying  the  current  to  the  moving  coil.  The  ammeters 
and  voltmeters  are  the  same  in  external  appearance  and  in  con- 
struction, except  that  in  the  former  the  moving  coil  is  in  parallel 
with  a  shimt  through  which  the  main  current  passes,  and  in  the 
latter  it  is  in  series  with  a  certain  resistance. 

The  merits  of  the  Weston  instruments  are  accuracy,  portability, 
freedom  from  disturbance  by  stray  magnetic  lines,  or  by  the 
efifects  of  the  ordinary  changes  of  temperature,  large  range,  uniform 
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scale-divisions  over  entire  scale,  accurate  readings  can  be  made 
quite  close  to  the  zero-point  and  very  small  consumption  of  energy. 
The  above  statements  cover  ahnost  every  desirable  point  in  con- 
nection with  electrical  measuring  instnmients,  except  applicability 
to  alternating  as  well  as  direct  currents.    For  station  use  they  are 

made  in  the  form  shown  in  Fig.  200, 
often  provided  with  an  illuminated 
dial  consisting  of  a  translucent  scale 
lighted  from  behind  by  ^n  incan- 
descent lamp,  the  top  of  the  latter 
being  seen  in  the  figure.  These  are 
placed  on  the  switchboard,  or  at  any 
other  convenient  point.  A  similar 
but  smaller  type  is  made  for  isolated 
plants,  and  a  third  style  is  the  well- 
known    portable    instrument.      All 

Flg»200.     Wtaton  Voltmwttr.  .  r     a  f 

three  of  these  forms  are  manufac- 
tured f6r  various  ranges,  from  those  having  scales  graduated  m 
millivolts,  to  those  indicating  1,500  volts  or  more.  This  type  not 
being  capable  of  measuring  alternating  currents,  another  form  is 
made  for  that  purpose. 

The  construction  and  applications  of  the  Weston  instruments 
are  very  fully  described  in  a  series  of  articles  by  H.  Maschke  in  the 
Electrical  World,  beginning  March  26,  1892. 

The  Cardew  Voltmeter  was  formerly  used  in  large  numbers, 
and  is  also  interesting  because  its  action  depends  upon  the  heating 
eflFect  of  the  current.  In  it  the  pointer  is  caused  to  revolve  by  the 
expansion  and  contraction  of  a  fine  wire  through  whith  the  current 
passes.  This  device  can  be  used  with  either  direct-  or  alternating- 
currents;  but  it  is  clumsy,  the  tube  which  contains  the  wire  being 
nearly  three  feet  long.  It  also  consumes  considerable  energy,  the 
current  at  full  voltage  being  about  one-third  of  an  ampere,  and  ' 
involves  a  loss  by  no  means  insignificant  if  it  continues  twenty- " 
four  hours  a  day  throughout  the  year,  particularly  when  several 
are  used  inr  a  plant. 

Electrostatic  Voltmeters. — ^In  these  instruments  the  mutual 
electrostatic  attraction  of  two  oppositely  charged  bodies  is  utilized 
to  measure  the  difference  of  potential  existing  between  them.  The 
principle  is  identical  with  that  of  the  electrometers  used  in  labo- 
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ratory  work.  One  of  the  simplest  forms  is  Kelvin's  vertical  electro- 
static voltmeter,  consisting  of  two  fixed  metallic  plates  J5,  between 
which  is  pivoted  a  movable  metallic  plate,  -4,  all  three  being  parallel 


fig-  201.    K€luin  Vtrtinat  Ettetroatatic  Voltmeter. 


and  vertical.  The  pair  of  fixed  plates  and  the  movable  plate  are 
respectively  connected  to  the  conductors  between  which  the  vol- 
tage is  to  be  measured.  This  causes  the  plates  to  become  oppo-  ' 
sitely  charged;  and  the  movable  plate  is  deflected  in  its  own  plane 
against  the  force  of  a  weight  attached  to  its  lower  part,  and  the 
position  of  the  pointer  C  is  read  on  the  scale  JS.  The  attraction 
is  proportional  to  the  square  of  the  potenial  difference;  hence  elec- 
trostatic instruments  have  a  disadvantage  similar  to  that  explained 
in  the  case  of  electrodynameters.  In  fact,  it  is  very  difficult  to 
obtain  a  practical  electrostatic  device  which  will  measure  pressures 
of  less  than  about  50  volts.  But  in  electric  lighting  the  potentials 
used  are  very  rarely  less  than  100  volts,  and  are  often  as  high  as 
2,000  volts  or  more;  consequently  these  instruments  can  be  adapted 
to  that  purpose. 
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The  advantages  of  elecirostatic  voUmeters  are: — 

1.  They  are  applicable  to  either  alternating  or  direct  currents. 

2.  They  are  extremely  simple  in  construction  and  action. 

3.  They  are  cheap. 

4.  Their  accuracy  does  not  depend  upon  any  condition  which 
is  likely  to  change. 

5.  They  consimie  no  energy,  since  no  current  flows  through 
them. 

6.  They  are  absolutely  free  from  magnetic  disturbance. 

7.  They  can  readily  be  made  for  measuring  potentials  up  to 
25,000  volts,  or  even  more. 

The  last  advantage  is  so  decided  that  this  type  would  seem 
best  for  very  high  potentials,  and  it  possesses  the  six  other  advan-> 
tages  enumerated,  even  when  employed  for  lower  voltages.  Up 
to  the  present  time  it  has  not  been  developed  to  the  extent  that 
its  merits  would  seem  to  warrant.  In  practice,  it  is  customary  to 
measure  high  voltages  by  using  a  potential  transformer ^  which  reduces 
the  pressure  in  the  ratio  of  10 : 1  or  100  : 1,  so  that  an  ordinary 
voltmeter  can  be  used. 

Electrochemical  Instruments  are  not  conunonly  used  for  prac- 
tical measurements,  almost  the  only  example  being  the  Edison 
electroljrtic  meter,  described  in  Volume  II.  It  was  used  in  large 
numbers  to  measure  the  current  supplied  to  the  various  customers, 
but  has  now  been  replaced  by  mechanical  meters. 

Special  Alternating-Current  Instn2ments.~Forms  of  ammeter 
and  voltmeter  have  been  devised  in  which  effects  peculiar  to  the 
alternating  current  are  utilized.  For  example,  the  action  of  repul- 
sion, discovered  by  Professor  EUhu  Thomson,  may  be  applied  to 
purposes  of  measurement.  These  have  no  great  advantage  over 
the  ordinary  electromagnetic  and  electrodynamic  effects,  and  are 
not  only  limited  to  alternating  currents,  but  also  in  most  cases  depend 
upon  the  frequency. 

The  Thomson  Inclined-Coil  Meter  of  the  General  Electric  Co.  is 
extensively  used  for  alternating-current  measurements.  The  work- 
ing parts  of  the  ammeter  of  this  type  are  shown  in  Fig.  202.  A  coil 
A ,  through  which  flows  the  current  to  be  measured,  is  mounted 
with  its  axis  inclined  as  shown.  A  vertical  spindle  moimted  in 
jewel  bearings  and  controlled  by  a  hair-spring  passes  through  the 
coil;  and  to  this  spindle  are  fixed  a  pointer  h  and  a  vane  of  thin 
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sheet  iron  a.  This  vane  of  iron  is  mounted  obliquely  to  the 
spindle.  When  the  pointer  is  at  the  zero-point  of  the  scale,  the  iron 
vane  a  lies  nearly  across  the  axis  of  the  coil;  and  when  a  current 
passes  through  the  coil,  the  vane  tends  to  turn  until  it  is  parallel 
to  the  axis  of  the  coil,  thus  turning  the  spindle  and  moving  the 
attached  pointer  over  the  calibrated  scale. 


■i5v7 


Fl§.  202,    ti099m9iit  of  Tkomp§om  InoUnml'-Coll  itwttr. 

The  inclined-coil  voltmeter  is  identical  with  the  ammeter,  except 
that  the  former  has  fine  wire  in  the  fixed  inclined  coil,  and  in  place 
of  the  iron  vane,  a  coil  of  fine  wire  is  employed,  placed  in  series 
with  the  fixed  coil,  and  with  an  auxiliary,  non-inductive,  high 
resistance. 

Wattmeters. — ^If  the  Siemens  electrodynamometer  described  on 
page  449  is  modified  by  winding  one  of  the  coils  with  a  great  many 
turns  of  fine  wire,  connected  to  the  circuit  so  that  the  current  received 
by  it  shall  be  proportional  to  the  voltage,  the  other  coil  being,  as 
before,  in  the  main  circuit,  and  having  the  total  current  passing 
through  it,  the  result  is  that  the  mutual  action  of  the  two  coils  depends 
upon  both  the  pressure  (volts)  and  current  (amperes)  of  the  circuit. 
In  other  words,  the  force  exerted  between  them  will  be  directly 
proportional  to  the  product  of  the  voltage  and  current,  which  is 
the  number  of  watts. 

For  direct-current  purposes  a  wattmeter  is  not  so  very  important; 
since  all  that  is  necessary  is  to  read  the  potential  from  the  volt- 
meter and  the  current  from  the  ammeter,  and  multiply  the  two 
numbers  together  to  obtain  the  power  in  watts.  But  in  alternating- 
current  measurements  the  case  is  different;  because  there  is  a  lag 
of  the  current  wave  with  respect  to  the  E.M.F.  wave,  if  the  circuit 
contains  self-induction,  as  it  almost  always  does.  On  the  other 
hand,  the  effect  of  capacity  is  to  produce  a  lead  of  the  current;  but 
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in  either  case  the  "apparent  watts"  obtained  by  multipl)ring  the 
volts  by  the  amperes,  as  indicated  in  different  instruments,  is  not 
the  real  energy.  This  must  be  multiplied  by  the  power  faciofy 
which  is  the  cosine  of  the  angle  of  lag,  in  order  to  find  the  "true 
watts."  (Vol.  II,  p.  119.)  It  is  diflScult  to  determine  this  power 
factor;  hence  it  is  far  more  convenient  to  employ  a  wattmeter, 
which  eliminates  the  error  due  to  lag  or  lead  so  that  the  actual 
power  may  be  read  directly. 

Recording  Volt-,  Ampere-,  and  Wattmeters. — ^These  are  em- 
ployed in  electrical  generating  plants  to  make  a  continuous  record 
of  the  output  in  volts,  amperes,  or  watts.  For  example,  a  pen  or 
other  marking-device  is  attached  to  the  indicating  part  of  a  volt- 
meter, and  a  strip  or  circle  of  paper  is  slowly  moved  by  clockwork 
so  that  a  line  is  traced  upon  it  showing  the  voltage  at  any  time. 
These  instruments  require  more  positive  action,  and  therefore  more 
energy,  than  the  ordinary  visual  meters  that  merely  move  a  pointer 

Ampere-  and  wattmeters  are  also  made  which  integrate  or  sum 
up  the  total  number  of  ampere-hours  or  watt-hours  during  a  given 
period.  These  are  chiefly  used  to  measure  the  current  supplied 
to  each  consumer,  and  they  will  be  described  under  the  head  of 
Recording  Meters  in  Voliune  11. 
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CHAPTER    XXIV. 

LiaHTZnNG-ARRZSBTERS. 

The  various  devices  employed  to  protect  electrical  apparatus 
from  lightning  or  atmospheric  electricity  are  commonly  termed 
lightning-arresters.  This  name,  however,  is  not  very  appropriate ; 
since  they  do  not  in  any  sense  stop  the  discharge,  but  merely 
act  to  divert  it,  and  convey  it  harmlessly  to  the  ground. 

Lightning-arresters  are  required  wherever  an  electrical  circuit, 
or  any  portion  of  it,  extends  out-doors ;  but  they  are  obviously 
unnecessary  if  the  conductors  are  wholly  in-doors,  underground, 
or  submarime.  The  liability  of  an  aerial  wire  to  receive  dis- 
charges of  atmospheric  electricity  depends  upon  its  length,  its 
height  above  the  ground,  and  its  location,  that  is,  whether  it  runs 
over  hills  or  mountains ;  and  certain  regions  are  far  more  subject 
to  this  trouble  than  others.  In  England,  for  instance,  its  occur- 
rence is  comparatively  rare  and  insignificant,  whereas  in  the 
Rocky  Mountains  it  is  a  matter  of  serious  and  almost  constant 
difficulty. 

The  troubles  which  are  likely  to  be  caused  in  an  electrical 
plant  by  atmospheric  electricity  are:  — 

1.  Puncturing  or  charring  of  the  insulation  of  the  electrical 
machines,  instruments,  or  conductors. 

2.  Melting  off  of  wires,  or  fusing  together  of  contact  points. 

3.  Danger  to  persons. 

4.  Liability  of  starting  a  fire. 

The  first  or  second  of  these  accidents  will  often  almost  ruin 
an  electrical  machine  or  instriunent,  and  involve  considerable  time 
and  expense  in  repairing.  The  last  two,  although  of  less  frequent 
occurrence,  may  be  even  more  serious  in  their  results. 

In  many  cases  where  a  circuit  is  partly  overhead  and  partly 
underground  or  under  water,  there  is  danger  that  the  former  por- 
tions will  receive  atmospheric  discharges,  which,  running  down 
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into^the  subterranean  or  submarine  cable,  will  break  through  its 
insulation  in  order  to  escape  to  the  earth  or  water.  This  may 
necessitate  very  troublesome  and  costly  repairs. 

The  Principles  of  Lightnlng-Arresters.  —  Since  the  introduction 
of  the  telegfraph  about  fifty  years  ago,  the  ordinary  form  of  light- 
/ling-arrester  consisted  of  a  conductor  connected  to  the  ground, 
and  brought  close  to,  but  not  in  contact  with,  the  circuit  before 
it  reached  the  instruments,  as  indicated  in  Fig.  203.  The  atmos- 
pheric electricity  coming  in  from  the  line,  being  of  high  pressure, 
would  jump  across  the  air-g^p,  and  pass  directly  to  the  ground, 
this  path  having  less  impedance  than  that  through  the  coils  of  the 
instruments  /  and  //  whereas  the  ordinary  working  E.M,F,  is  not 

high  enough  to  traverse  the  gap. 
Points  are  usually  provided  on 
each  side  of  the  gap  to  facilitate 
the  discharge  across  it.  This  de- 
vice is  fairly  satisfactory  if  only 
weak  battery  currents  are  used. 
But  in  the  case  of  electric  light,  or 
other  circuits  carrying  strong  cur- 
rents, there  arises  a  new  difficulty. 
It  is  found  that  the  dynamo  cur- 
rent follows  the  discharge,  and 
establishes  a  short  circuit  after 
having  once  been  started  by 
sparks  passing  across  the  gaps  A  and  Ay  as  shown  in  Fig.  204. 
This,  would  melt  the  dynamo  fuses  F  and  -F,  and  interrupt  the 
working  current.  With  grounded  circuits,  an  arc  at  one  gap  is 
sufficient  to  cause  this  trouble ;  but  electric-lighting  circuits,  not 
being  normally  grounded,  require  arcs  at  both  gaps  to  form  a 
short  circuit ;  but  these  are  produced  if  the  lightning  comes  in 
on  both  wires  at  once,  which  often  occurs. 

To  obviate  this  difficulty,  the  spark-gaps  were  provided  with 
automatic  circuit-breaking  attachments,  which  in  their  simplest 
form  consisted  of  fuses  in  the  discharge  circuit,  as  indicated  at 
DD.  The  fuses  served  to  interrupt  the  short  circuit  without  in- 
terfering with  the  working  current ;  but  these,  having  once  melted, 
the  plant  was  left  unprotected  from  further  discharges.  Later  the 
fuses  were  replaced  by  electromechanical  devices,  which  should 
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not  only  stop  the  short  circuit,  but  automatically  readjust  them- 
selves for  further  operation. 

The  duty  of  the  lightning-arrester,  therefore,  is  to  allow  an 
indefinite  number  of  static  charges  to  pass  freely  to  earth,  and  at 
the  same  time  act  as  an  effectual  barrier  to  the  flow  of  the  current 
generated  by  the  dynamo. 


UNE8 
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The  numerous  forms  of  lightning-arresters  which  have  been 
brought  out  may  be  divided  into  the  following  classes,  according 
to  the  means  employed  to  interrupt  the  short  circuit  which  tends 
to  be  established  :  — 

1.  Simple  spark-gap,  suitable  only  where  working  current  is 
incapable  of  maintaining  an  arc  across  it. 

2.  Fuses  in  discharge  circuit  (as  at  D,  Fig.  204). 
8.    Air-blast  for  blowing  out  arc. 

4.  Electromagnetic  "  blowing-out "  devices. 

5.  Mechanical  gap-lengthening  devices. 

6.  Devices  employing  the  so-called  "  non-arcing  "  metals. 

7.  Devices  in  which  the  arc  is  confined  and  smothered. 

8.  Arc  dissipated  by  subdivision  and  distribution. 

9.  Arc  prevented  by  introducing  a  considerable  non-inductive 
resistance  into  the  discharge  circuit,  which  prevents  the  short- 
circuiting  of  the  dynamo,  but  allows  the  high-tension  charges  to 
escape. 

10.  The  presence  of  self-induction  in  the  dynamo  circuit  op- 
poses the  passage  of  the  discharge  into  the  machine,  hence  coils 
are  often  inserted  to  add  to  the  inductance  of  the  machine. 
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Sometimes  the  arrester  fails  to  interrupt  the  arc,  and  it  be- 
comes necessary  to  strike  it  out  with  a  cloth  or  broom. 

Comparatively  few  of  these  principles  and  forms  of  lightning- 
arrester  have  been  applied  successfully,  and  it  will  be  sufficient  to 
describe  the  most  important  of  these. 

The  Thomson  « Magnetic  Blow-out"  Lightning-Arrester. —  Pro- 
fessor Elihu  Thomson  has  ingeniously  applied  the  action  of  a 
magnet  upon  a  current  to  "  blow  out  "  the  arc  formed  m  lightning- 
arresters,  switches,  or  similar  devices. 

It  is  well  known  that  a  conductor  carrying  a  current  tends  to 
be  moved  or  deflected  in  a  magnetic  field  ;  and  this  is  true  whether 

the  conductor  be  a  wire  or  a  con- 
ducting gas  or  vapor.  Hence,  if 
a  lightning-arrester  is  provided 
with  a  magnet,  placed  so  that  the 
arc  is  formed  in  the  field  of  the 
magnet,  the  arc  will  be  repelled  or 
"blown  out,"  provided  the  direc- 
tion of  the  magnetism  and  of  the 
current  is  properly  arranged. 

One  form  of  this  arrester  for 
alternating-currents  is  shown  in 
Fig.  205,  in  which  the  spark-gap 
is  between  the  two  large  plates  in 
the  center,  and  is  in  the  field  of 
the  electromagnet,  which  is  wound 
with  copper  ribbon.  The  lower 
binding-post  is  connected  to  the  earth,  and  the  two  upper  ones 
to  the  dynamo  and  line  respectively.  When  the  arc  is  formed 
by  the  discharge  jumping  from  the  line  to  the  ground  connection 
across  the  gap,  it  is  forced  aside  and  broken  by  the  action  of  the 
magnetic  field  upon  it.  The  same  principle  is  applied  to  various^ 
forms  of  lightning-arrester  for  arc  and  other  circuits. 

The  Wurts   "  Non-arcing "  Arrester.— A  very  simple  form  of 
lightning-arrester,  devised  by  A.  J.  Wurts,*  is  manufactured    by 
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the  Westinghouse  Electric  Company.  It  consists  of  a  number  of 
cylinders  (usually  seven,  each  1  inch  in  diameter  and  3  inches 
long),  placed  side  by  side  with  air-gaps  of  ^/^  inch  between  them. 
The  cyhnders  are  held  in  place  by  strips  of  marble  or  an  equiva- 
lent insulating  material,  as  represented  in  Fig.  206.  The  cylinders 
are  knurled  or  checkered,  and  thus 
present  hundreds  of  confronting  points 
for  the  discharge.  When  a  discharge 
occurs,  it  passes  across  between  the 
cylinders  from  either  or  both  line  ter- 
minals to  the  ground.  If,  for  example, 
both  Unes  discharge  simultaneously  to 
the  ground,  then  sparks  will  occur  at 
all  six  gaps,  which  will  make  a  con- 
ducting path  for  the  dynamo  current, 
and  completely  short-circuits  the 
machine,  as  is  apparent  in  Fig.  206. 
But  the   arcs  are  destroyed  as  soon 

as  formed,  and  the  short  circuit  does  not  last  long  enough  to  pro- 
duce any  bad  effects. 

Mr.  Wurtz  considers  this  action  (see  papers  cited  above)  to  be 
d'uiif  to  the  fact  that  certain  metals  are  non-arcing.  These  metals 
are  the  zinc  group — zinc,  cadmium,  mercury,  and  magnesium; 
and  the  antimony  group — antimony,  bismuth,  phosphorus,  and 
arsenic,  according  to  Mendelejeff's  grouping.  He  does  not  explain 
why  such  is  the  case,  but  it  may  depend  somewhat  upon  the  vola- 
tility of  these  particular  metals.  The  sudden  evolution  of  consider- 
able metallic  vapor  between  the  cylinders  tends  to  blow  out  the  arcs 
as  well  as  to  absorb  the  heat.  This  idea  is  borne  out  by  the  fact  that 
Mr.  Wurtz  finds  that  the  interruption  of  the  arcs  is  more  prompt 
and  sure  if  the  cylinders  are  very  close  together,  i.e.,  ^/^  inch,  than 
if  the  gap  be  made  greater.  This  indicates  that  confining  the 
vapor  tends  to  produce  an  explosive  effect,  which  instantly  extin- 
guishes the  arc,  as  it  would  in  the  case  of  a  flame.  It  has 
also  been  suggested  that  the  vapors  of  these  metals  may  be  poor 
conductors,  perhaps  due  to  the  fact  that  at  least  some  of  them  are 
monatomic,  particularly  at  very  high  temperatures.  Whatever  may 
be  the  explanation,  it  has  been  found  by  experience  that  this  form 
of  lightning-arrester  is  effective  in  the  case  of  alternating-current 
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lines,  and  that  a  large  alternator  may  be  repeatedly  short-circuited  by 
discharges  passing  across  the  gaps,  without  injury  to  the  machine 
or  to  the  arrester  itself,  the  only  effect  being  to  very  slowly  bum 
away  the  cylinders  at  the  gaps.  Even  this  may  be  remedied  by 
turning  the  cylinders  so  that  they  present  new  surfaces  for  the  dis- 
charge. The  material  actually  used  for  the  cylinders  is  an  alloy 
of  zinc  with  just  sufficient  copper  to  enable  it  to  be  easily  cast  and 
worked. 

On  circuits  of  less  than  1,250  volts  the  generator  terminals  are 
connected  to  the  extreme  cylinders  and  the  ground  line  to  the  center 
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cylinder  (Fig.  207a).  The  device  is  therefore  double-pole;  that  is, 
one  arrester  is  sufficient  for  both  sides  of  the  circuit.  When  the 
potential  of  the  system  is  more  than  1,250  and  less  than  2,500  volts, 
one  complete  seven-cylinder  arrester  is  placed  between  each  line 
wire  and  the  ground  (Fig.  207ft).    If  the  potential  of  the  system 
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exceeds  2,500  volts,  the  arresters  may  be  arranged  as  shown  in  Fig. 
208.  The  operation  of  this  equipment  is  as  follows:  To  cause  a 
discharge  the  potential  at  A  rises  until  the  series  gaps  are  broken 
down.  If  the  discharge  is  sufficiently  heavy,  it  will  then  meet  oppo- 
sition in  the  shunt  resistance  "if"  and  will  pass  over  the  shunted 
gaps  and  to  earth  through  the  series  resistance.  The  arc  which 
tends  to  follow  the  discharge  is  then  withdrawn  from  the  shunted 
gaps  by  the  shunt  resistance  and  is  suppressed  by  the  series  gaps 
aided  by  both  resistances.  The  degree  of  protection  secured  is 
determined  by  the  number  of  series  gaps  only,  the  shunted  gaps 
being  so  proportioned  that  they  are  broken  down  by  the  potential 
thrown  upon  them  when  the  series  gaps  discharge.  The  number  of 
series  gaps  is  just  sufficient  to  withstand  the  normal  voltage  and 
allow  a  proper  factor  of  safety  assuming  the  severest  condition, 
namely,  that  one  line  is  grounded.  The  function  of  the  shunted 
gaps  is  to  provide  a  bypass  for  the  lightning  discharge  which  would 
otherwise  meet  opposition  in  the  shunt  resistance.  The  function 
of  the  shunt  resistance  is  twofold:  first,  to  withdraw  the  arc  from 
the  shunted  gaps  after  the  passage  of  the  discharge;  and  second,  to  so 
reduce  the  volume  of  the  arc  that  the  series  gaps,  though  too  few  in 
number  to  act  successfxiUy  imaided,  can,  with  this  assistance,  sup- 
press the  arc.  The  function  of  the  small  series  resistance,  which 
is  made  as  non-inductive  as  possible,  is  to  limit  the  initial  flow  of 
current  tending  to  follow  the  discharge  and  thus  to  prevent  burning 
of  the  arrester  cylinders. 

This  type  of  arrester  is  employed  for  alternating-current  cir- 
cuits, and  also  for  certain  arc  systems  (Westinghouse,  Brush,  and 
Schuyler);  but  they  are  not  applicable  to  direct  currents  of  large 
volume,  such,  for  example,  as  110-  and  220- volt  incandescent  light- 
ing and  500- volt  power  circuits.  With  heavy  direct  currents  the 
arc  is  too  strong  to  be  interrupted  in  this  way,  and  some  other  form 
of  arrester  must  be  employed. 

Another  form  of  lightning-arrester  invented  by  Mr.  Wurtz,  and 
manufactured  by  the  Westinghouse  Electric  Company,  operates 
upon  the  principle  of  smothering  any  arc  which  tends  to  be  formed. 
It  is  shown  in  Fig.  209,  and  consists  of  two  brass  plates  imbedded 
in  a  block  of  lignum  vitae,  and  separated  a  distance  of  half  an  inch. 
The  space  between  has  narrow  grooves  burned  in  it  as  indicated  in 
the  figure,  and  it  is  over  or  through  these  that  the  discharge  passes. 
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This  charred  surface  does  not,  however,  act  to  any  extent  as  a  con- 
ductor for  the  dynamo  current,  since  the  resistance  between  the 
brass  plates  is  over  50,000  ohms.  If,  now,  the  lignum- vitat  cap, 
shown  on  the  left  of  the  figure,  be  firmly  screwed  down  over  the 
charred  grooves  and  brass  plates,  it  will  be  impossible  for  an  arc  to 
form.  The  device  allows  static  discharges  to  pass,  but  will  prevent 
the  flow  of  the  large  current  which  follows  the  discharge.    This 
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arrester  is  especially  intended  for  railway  circuits  (550-volt),  but  it 
is  also  applicable  to  other  direct-current  circuits  up  to  1,000  volts. 
It  also  operates  satisfactorily  on  1,000-volt  alternating  circuits 
from  smooth-core  armatures;  but  with  toothed-core  armatures  it 
breaks  down,  and  short-circuits  after  a  few  discharges.  Its  ex- 
treme simplicity  is  a  strong  point  in  its  favor. 

The  Tank  Lightning-arrester,  shown  in  Fig.  210,  is  also  a  form 
used  by  the  Westinghouse  Electric  Company  for  direct-current 
circuits.  It  consists  of  coils  of  heavy  wire,  with  several  discharge 
circuits  leading  from  different  points  of  the  coils  to  carbon  electrodes 
immersed  in  a  tank  of  running  water.  The  coils  are  connected 
in  series  with  the  apparatus  to  be  protected,  and  between  the  latter 
and  the  line.  The  tank  is  thoroughly  groimded,  and  so  divided 
by  partitions  as  to  insure  circulation  of  the  water.  The  resistance 
of  the  discharge  circuits  may  be  changed  by  varying  the  depth  of 
immersion  of  the  electrodes. 
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When  lightning  tends  to  follow  the  line  to  the  apparatus,  the 
coils  of  the  arrester  interpose  an  inductive  resistance  to  its  passage, 
while  the  several  discharge  circuits  of  very  small  inductance  offers 
comparatively  easy  paths  to  earth.  The  advantages  of  this  device 
are — the  discharge  does  not  have  to  jump  even  the  smallest  air- 
gap;  there  is  an  opportunity  for  constant  leakage  of  the  static 
charge,  which  prevents  the  accumulation  of  a  potential  sufficiently 
high  to  break  through  the  insulation  of  the  generator  or  trans- 
former, and  at  the  time  of  discharge  a  short  circuit  of  the  apparatus 
is  prevented  by  the  resistance  of  the  water. 

The  disadvantages  of  this  arrester  are  that  it  allows  a  certain 
leakage  of  energy  to  occur  through  it  all  of  the  time,  it  is  some- 


Fig.  210.    Tank  Ughtning-ArrMSfr. 


what  clumsy  in  form,  and  requires  a  stream  of  water  to  be  kept 
running  through  it.  These  difficulties  can,  however,  be  reduced 
if  the  discharge  circuits  are  disconnected  by  pulling  out  the  plugs 
shown  in  the  figure,  when  there  is  no  danger  of  lightning 
discharges,  during  which  time  the  flow  of  water  may  also  be 
stopped. 

This  type  is  intended  for  electric-railway  circuits  (560- volt)  ; 
but  it  might  be  applied  with  slight  modifications  to  electric-light- 
ing circuits,  and  it  is  interesting  as  being  one  of  the  few  examples 
of  lightning-arresters  which  steadily  drain  the  static  charge  from 


466 


ELECTRIC  LIGHTING. 


the  line  without  allowing  it  to  accumulate,  as  already  pointed 
out.  A  very  simple  device  of  this  kind  consists  of  an  ordinary  plank, 
which  is  always  kept  wet  by  water  dripping  upon  it.  One  end  of 
this  plank  is  connected  to  the  line,  and  the  other  to  the  groimd, 
so  that  any  static  charge  by  reason  of  its  high  potential  will  pass 
into  the  earth  through  the  plank,  but  the  resistance  of  the  latter  is 
great  enough  to  prevent  any  serious  leakage  of  the  generator 
current. 

The  "S.BLC.»*  Lightning-Arrester,  manufactured  by  the  Stanley 
Electric  Manufacturing  Co.,  of  Pittsfield,  Mass.,  consists  of  two 
nests  of   concentric   cylinders  with  diverging   ends  held  in  their 
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positions  by  porcelain  caps  as  shown  in  cross-section  in  Fig.  211. 
The  innermost  cyUnder  is  connected  to  the  line,  and  the  outer  one 
to  the  groimd.  The  porcelain  caps  are  provided  with  grooves  so 
placed  that  all  spark-gaps  are  ^  inch  wide.  Between  the  grooves 
are  a  number  of  perforations  to  allow  the  free  circulation  of  air 
between  the  cylinders.  If,  after  a  lightning  discharge,  the  current 
from  the  generator  follows  the  lightning,  there  is  a  rush  of  air 
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forced  by  the  metallic  vapor  through  the  perforations  and  spaces 
between  the  cylinders,  blowing  the  arc  upwards  between  the  flaring 
ends,  where  it  is  instantly  ruptured. 

According  to  the  construction  of  this  arrester  there  are  three 
spark-gaps  each  -^  inch  wide  in  series  between  either  line-wire 
and  the  ground  At  ordinary  commercial  frequencies,  Ave  thousand 
volts  or  over  are  required  to  jump  the  series  of  gaps  of  the  arrester, 
but  at  the  higher  frequencies  of  lightning  discharges  the  sparking 
potential  is  reduced  to  less  than  one-half  of  this. 

Barbed  Wire  laghtning-Arresten — ^This  consists  simply  of  a 
barbed  wire  laid  immediately  over  the  line  throughout  its  entire 
length,  or  where  it  is  particularly  exposed.  This  wire  is  connected 
to  the  ground  at  various  points,  and  protects  the  line  by  taking 
up  and  carrying  to  earth  discharges  which  the  line  would  otherwise 
receive.  This  is  essentially  different  from  other  methods  of  protection 
from  lightning  in  which  the  static  charge  gets  upon  the  line,  but  is 
made  to  escape  from  it  before  reaching  the  apparatus.  This  plan 
is  used  in  the  case  of  the  Lauffen-Heilbron  power  transmission  line» 
and  has  also  been  employed  in  this  coimtry.  It  would  seem  to  be 
one  of  the  most  effective  means  of  protection;  but  it  has  the  dis- 
advantages of  requiring  an  extra  wire  to  be  laid,  with  the  necessary 
supports,  etc.  Mr.  Wurtz  *  cites  a  case  at  Staten  Island,  N.  Y.> 
where  this  plan  was  successful,  but  states  that  at  Telluride,  Col., 
it  was  a  "total  failure."  But  the  troubles  from  atmospheric  elec- 
tricity are  so  very  great  in  Colorado,  that  this  case  may  be 
considered  as  exceptional;  and  it  is  probably  a  fact  that  a  guard 
wire  over  the  line,  the  former  being  groimded  at  frequent  intervals^ 
will  protect  the  latter  under  the  conditions  which  exist  in  most 
places. 

Choke  Coils  for  A.  C.  Circuits. — ^A  lightning  discharge  being  of  an 
oscillatory  character  is  very  much  affected  by  inductance  and  passes 
with  diflSculty  through  a  coil  of  a  few  turns  of  wire.  The  frequency 
of  the  oscillations  of  a  lightning  discharge  is  far  higher  than  that  of 
commercial  alternating  currents,  hence  a  coil  can  be  readily  con- 
structed which  will  offer  great  reactance  to  the  passage  of  a  light- 
ning discharge,  and  at  the  same  time  allow  the  generator  currents 
to  pass  freely.     These  coils  are  placed  in  series  with  the  maia 

*  Tram,  Amer,  Inst.  Elec.  Eng.,  vol.  zi.,  p.  380. 
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circuit    between    the    generators    and    the    ordinary    lightning- 
arresters. 

Line  Dischargers  or  Static  Drains. — ^The  majority  of  arresters 
require  a  comparatively  sudden  rise  of  potential  in  order  to  act 
properly,  while  in  many  instances  the  accumulation  of  a  static  charge 
is  gradual.  To  avoid  this  latter  occurrence  and  remove  even  slight 
charges  from  the  lines,  an  instnunent  similar  to  that  illustrated  in 
Fig.  212,  called  a  "Line  Discharger,"  is  employed.    This  device  con- 
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sists  of  a  minute  air-gap  in  series  with  a  set  of  tubes  of  insulating 
material  filled  with  a  powdered  metallic  oxide,  thus  oflFering  a 
practically  infinite  resistance  to  the  ordinary  currents,  yet  allowing 
static  charges  to  pass  readily  to  earth.  Such  a  line  discharger  is 
connected,  as  shown  in  Fig.  212,  the  number  of  tubes  required 
depending  upon  the  voltage  used. 

Location  of  Arresters. — Ordinarily  lightning-arresters  are  placed 
on  each  overhead  line  or  feeder  after  it  enters  the  station,  but  before 
it  reaches  the  switchboard  or  any  apparatus.  In  the  case  of  grounded 
circuits,  one  arrester  is  sufficient  for  each,  as  indicated  in  Fig.  203; 
but  in  the  case  of  a  metallic  circuit  both  lines,  and  for  three-  or  four- 
wire  systems,  each  wire  should  be  provided  with  arresters,  as  shown 
in  Fig.  204.  Long  lines  are  not  sufficiently  protected,  however,  by 
the  station-arresters,  and  it  is  wise  to  place  them  on  the  line  at  not 
very  great  intervals,  and  particularly  at  points  which  are  much  exposed, 
or  where  there  are  sharp  turns  in  the  circuit.    They  should  also 
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be  arranged  to  protect  transformers  or  other  apparatus  wherever 
they  may  exist  on  the  circuit.  Mr.  Wurts,  in  his  paper  and  discus- 
sion on  "  Discriminating  Lightning-Arresters,"  *  strongly  insists 
upon  the  importance  of  placing  arresters  at  numerous  points, 
and  argues  that  in  this  way  the  failure  of  one  arrester  may  be 
retrieved  by  the  others.  He  even  uses  groups  or  "  banks "  of 
lightning-arresters,  placed  one  after  another  on  the  circuit ;  and 
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Fig.  213.    Wurta  Ughtnlng-Ar tester  Arranged  for  Outdoor  Use, 

also  recommends  the  use  of  different  kinds  of  arrester  in  some 
cases,  for  the  reason  that  one  type  may  be  better  suited  to  a  dis- 
charge of  a  certain  character.  He  further  points  out  that  disrup- 
tive discharges  form  nodal  or  neutral  points  along  the  line,  at 
which  there  is  little  or  no  tendency  to  discharge.  Hence  a 
single  arrester  may  utterly  fail  to  act.  Whether  these  views  be 
accepted  wholly  or  not,  it  is  certainly  a  wise  precaution  to  have 

•  Trans,  Amer,  Inst,  Elec,  Eng.^  May,  1894. 
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more  than  one  arrester  to  depend  upon,  since  they  are  not  very 
costly,  and  at  least  are  not  likely  to  do  any  harm. 

The  so-called  line  lightning-arresters  for  outdoor  use  are  made 
very  compact,  and  inclosed  in  a  waterproof  box,  as  represented  in 
Fig.  213.  If  possible,  arresters  should  always  be  placed  directly 
on  the  main  circuit,  or  have  the  circuit  itself  brought  to  them» 
instead  of  merely  connecting  them  by  a  branch  wire. 

Ground  Connections.  —  It  is  of  the  utmost  importance  that 
lightning-arresters  should  have  very  good  ground  connections,  and 
the  conductor  from  the  arrester  to  the  earth  should  be  as  short 
and  straight  as  possible.  In  the  case  of  a  central  station,  a  hole 
five  or  six  feet  square  should  be  dug,  as  nearly  as  possible  under 
the  arresters,  and  deep  enough  to  reach  permanently  damp  earth. 
The  bottom  of  this  hole  is  covered  with  one  or  two  feet  of  crushed 
coke  or  charcoal  (about  pea-size),  over  which  is  laid  a  copper  plate 
of  20  or  25  square  feet  area,  and  not  less  than  yV  inch  thick. 
In  default  of  a  copper  plate,  an  iron  plate  or  pipe  of  the  same 
surface,  and  not  less  than  \  inch  thick,  may  be  substituted.  The 
ground  wire,  not  smaller  than  No.  4  (A.  W.  G.),  should  be  se- 
curely soldered  across  the  entire  surface  of  the  plate.  This  plate 
should  then  be  covered  with  one  or  two  feet  of  crushed  coke  or 
charcoal,  the  remainder  of  the  hole  being  filled  in  with  earth.  It 
is  recommended  that  an  additional  ground  connection  be  made 
to  the  water-main  if  accessible,  thus  providing  two  paths  for  the 
escape  of  the  discharge. 

The  above  arrangement  is  hardly  necessary  or  practicable  in 
the  case  of  line  or  other  subsidiary  arresters,  and  the  following 
ground  connection  will  answer  the  purpose.  A  hole  is  dug  two 
feet  in  diameter,  and  deep  enough  to  reach  permanently  damp 
earth.  A  gas-pipe  eight  or  ten  feet  long  with  open  ends  is  then 
driven  down,  and  a  solid  brass  plug  is  screwed  in  the  upper  end,  to 
which  the  ground  wire  of  the  arrester  is  soldered;  the  hole  is 
then  filled  in  with  coke  or  charcoal,  so  that  the  surface  drainage 
will  increase  the  natural  dampness  of  the  earth. 

The  subject  of  protection  against  lightning  must  be  admitted 
to  be  somewhat  uncertain  at  the  present  time.  While  the  general 
laws  and  phenomena  are  the  same  as  those  with  which  we  are 
familiar  in  connection  with  artificial  electricity,  the  enormous  mag- 
nitude and  intensity  of  atmospheric  electrical  actions  introduce 
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effects  which  are  not  yet  fully  understood.  Probably  the  greatest 
cause  of  confusion  and  disagreement  has  been  the  fact  that  there 
are  so  many  different  kinds  of  atmospheric  electrical  discharges. 
Indeed,  it  almost  seems  as  if  no  two  discharges  act  the  same. 
This  is  due  to  difference  of  conditions,  which  a  little  more  knowl- 
edge would  doubtless  correlate  and  explain.  As  an  example  of  a 
phenomenon  entirely  unlike  the  ordinary  idea  of  lightning,  we  may 
cite  the  statement  of  Mr.  Wurts :  *  "  I  have  known  circuits  to 
become  charged  during  perfectly  clear  weather^  so  that  the  dis- 
charges across  a  single  lightning-arrester  occurred  at  the  rate  of 
100  to  140  a  minute.  It  seems  to  me  that  the  charging  of  the 
wire  in  this  case  must  of  necessity  be  due  to  conduction  from  the 
atmosphere." 

*  Trans.  Amer,  Inst.  EUc.  Eng,^  vol.  xi.,  p.  392. 
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Accidcnte,  Fly-Whecl MS 

Accumulator,  see  Storage  Battery. 

Air,  Permeability  of as8 

Air-Ducts  for  Armature  Ventilation.  375,  296 
Air-Gap — 

In  Magnetic-Circuit 256,  306 

Effective  Area  of 3x0,  3x1 

Flux  Density  in 309 

Fringing  in 3x0 

Alglave  and  Boulard ij 

Altcneck x  a 

Alternating-Current  Instrtunents 454 

ARemating  Current. . .  2,  3x,  37t  a^a,  apa.  348 
Alternators — 

Armature  Windings  of ago,  aga 

Elementary a6a 

General  Electric 349.  3SO 

Inductor 35x 

Mordey 3Sx 

Parallel  Operation  of 363 

Polyphase agx,  348 

Revolving-Armature 349 

Revolving-Field 35© 

Single-Phase. .% 390,  348 

Stanley  (S.  K.  C.) 351 

Westinghouse 349.  35® 

American  Ball  Engine x66 

Ammeters — 

Electrochemical 454 

Electromagnetic 449 

Principles  of 448 

Recording 456 

Thomson  Inclined  Coil 455 

Weston 45X 

Amp^e,  A.  M 10 

Ampere,  The  Unit aa 

Amp^  Balance,  Thomson 450 

Ami)^re-Tum8 — 

Armature 339,  336 

Back 33a 

Cross 332 

Calculation  of  Field 308 
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Calculation  of,  for  Bijpolar  Machine 

Circtiit 310 

Calculation  of,  for  Multipolar  Machine 

Circuit 314. 

Relation  to  Magnetomotive  Force.  . .    258- 
Relation  to  Field-  Strength 358. 

Animal  Power 71 

Arc  Lighting — 

Dynamos 344. 

Systems 13 

Armature  of  Dynamo-Electric  Machinery  956 

Armature  Cores — 

Balancing  of 294 

Binding  Wires  of. 396 

Construction  of 568- 

Cooling  Surface  of 327 

Eddy  Currents  in a6& 

Finishing  of 375 

Flux  Density  in. . , 371 

Form  of 371 

Fimction  of  Iron  in as6 

Heating  of.  Calculation  of 327 

H3rstere8is  Loss  in a6o,  270 

Insulation  of 27s 

Lamination  of 26& 

Mounting  of 273 

Perforated  and  Slotted 269 

Peripheral  Speed  of 271 

Shafts. 374 

Size  of 371 

Ventilation  of .274,  296 

Armature  Reaction 331 

Armature  Windings — 

Alteneck 12,  283- 

Alternating-Current 278,  290 

Bar,  Eddy  Currents  in 274 

Bipolar 378,  281 

Qosed-Coil 277 

Cross-Connected  Multipolar 283 

Determination  of  Ntmiber  of  Induc- 
tors in a7» 

Direct-Current 376 

Double-Current 394 

473 


474 


INDEX. 


Armature  Windings  (a>mN'm«#cO'*  paob 

Double a8o 

Drum a68.  280 

Dynamotor. 293 

Elementary 262,  263 

Gramme  or  Ring 268,  278 

Heating.  Causes  and  Remedies. .  .327.  375 

Insulation  of  Inductors 275 

Insulation,  Resistance  of 337 

Lap  Drum. 289 

Multipolar,  Multiple-Circuit 279,  386 

Multipolar,  Two-Circuit 284 

Open-Coil 277,  289 

Polyphase 291 

Right-  and  Left-handed 289 

Wave  Drum 289 

Armington  and  Sims  Engine 162 

Arnold  Magnetic  Qutch 254 

B 

Babcock  and  Wilcox  Boilers loi 

Balancing  of  Armature  Core 294 

Ball  Engines 1 63 

Ball  and  Wood  Engines 167 

Barrus.  G.  H 1 20 

Batteries — 

Primary '.     82 

Storage,  see  Storage  Battery. 

Thermo-electric 80 

Bearing  Friction 326 

Belting- 
Advantages  and  Disadvantages  of .  245,  249 

Arrangement  and  Care  of 249,  251 

Kinds  of 246 

Lacing  of 248 

Power  Transmitted  by 247,  251 

Blast-Pumace  Gas 2x3 

Blathy 15 

Boiler-House 65 

Boilers.  Steam 92 

Arrangement  of 115 

Cleaning  of 123 

Construction  of 96 

Economy  of 125 

Feed-Pumpe  for no 

Firing  of 1 23 

Foaming  and  Priming  of 123 

Fuel  for 94 

Fusible  Plugs  for. 109, 1 23 

Orates  for 105 

Management  of 122 

Manholes ro8 

Pressure  Gauges  for 109,  1 23 

Rating  of 125 

Safety  Valve  for 109, 1 22 

Setting  of 104 

Stokers  for. 106 

Testing  of 1 24 

Types  of 99 

Babcock  and  Wilcox loi 

Heine 101 

National loi 

Root loi 
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Types  of  Sterling 101 

Water-Level  Indicators. 108, 1 23 

Boosters 39 

Compound 426 

Constant-Current 427 

Differential 427 

Series 425 

Shunt 4  »s 

Boyle's  Law 89 

Breakers,  Automatic  Circuit — 

Cutter  (I.  T.  E.) 440 

Function  of 438 

General  Electric 439 

Time-Limit 441 

Brett XI 

Bricks 6r 

Brush.  C.F 13. 17 

Arc-Dynamo 345 

Lighting  System 14 

Brushes  for  Electrical  Machinery — 

Advantages  of  Carbon 299 

Angle  of  Lead  or  Lag 334 

Carrying  Capacity  of 300 

Coefficient  of  Friction  of 301 

Contact  Resistance  of. 300 

Function  of 262 

Holders  for. 302 

Kinds  of. 299 

Sparking  at.  Catises  and  Remedies, 

333.  37K 

Buildings — 

Floors  for 64 

Foundations  for 61 

Interior  Finish  of 67 

Power  Plant 52 

Roofs  for. 66 

Walls  of 61 

C 

Cable  Room 66 

Canfield  and  Robinson 296 

Cardew  Voltmeter. 452 

Camot.  S 88 

Camot  Cycle , 88 

Case  Engine 176 

Central  Station *8,  34.  36 

See  Station. 

Charles'  Law 88 

Chimney  Construction 68 

Draxxght 45.  68 

Chloride  Battery 384 

Circuit-Breakers — 

Automatic 438 

Hand,  see  Switches. 

Circuit,  Magnetic 256,  309,  3x5 

Qarke 10 

Qausius 16,  88 

Dutches — 

Jaw 252 

Friction 253 

Magnetic 254 

Coal-Gas 207 
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Commutator—  page 

Construction  of 297 

Elementary 263 

Function  of. 263 

Insulation  of ag? 

Sparking  at.  Causes  and  Remedies.333,  371 

Voltage  between  Bars 298 

Compound — 

Boosters 426 

Dynamos 320 

Field  Winding 320 

Compound  Engines — 

Principles  of 152 

Duplex 167 

Cross 170 

Tandem 179 

Compression  of  Gas  Charge,  Advantages 

of 206 

Condensation.  Water  for 151 

Condensers — 

Pimction  of 148 

Jet X4Q 

Surface 149 

Condensing-Engine,  Principles  of 147 

Connecting-Rods,  Engine 138 

Constant  Potential 13 

Constant-Current 13,  343 

Conveyors,  Coal  and  Ash 66 

Cooke IX 

Cooling  Surface — 

Armature 327 

Field 3^7 

Core — 

See  Armature. 
See  Field. 

Losses 328 

Corliss 88 

Corliss  Engine. 156 

Covering — 

Armature 275 

Field 323 

Pipe X  20 

Croll iSS 

Crompton 15 

Crompton  and  Howell  Battery 383 

Crossley  Gas-Engine 214 

Cross-Heads.  Engine x  39 

Current — 

Alternating 2,  31 ,  44 

Constant 13,  344 

Direct 2,  31,  39 

Curtis  Steam-Turbinc 189 

Crocker-Wheeler  Dynamos 341 

Cycle— 

Camot 88 

Otto,  Beau  De  Rochas,  or  Four 205 

Two-Cycle 205 

D 

D'Allemagne,  H 16 

Dal  Negro xo 

Dams,  Water-Power 224 

D' Arson val  Galvanometer 448 
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Dav>',  Sir  H 9 

De  Laval  Steam-Turbine 185 

Deri 15 

Direct  Driving  or  Coupling 240 

Advantages  of 241 

Methods  of 243 

Draught — 

Chimney 45.  68 

Tubes 226 

Forced 45 

Nattxral 45 

Dredge.  J.  W 17 

Drum  Windings,  see  Armature  Windings. 

Du  Moncel xo 

Dynamo-Electric  Machines x 

Alternating-Current,  see  Alternators. 

Armature  Reaction  in 331 

Bibliography  of 378 

Bearings 325 

Brushes  for 263,  299 

Commutators  for 263,  297 

Compound-Wound 320 

Construction  of 267 

Diseases  or  Troubles  of 370 

Double-Current 294 

Elementary  Direct-Current 263 

Elementary  Alternating-Current 262 

Failure  to  Generate 377 

Heating  of 374 

Magnetic  Circuit  of 256,  309,  315 

Management  of 353 

Methods  of  Regulation 337 

Mtiltipolar 342 

Parallel  Operation  of 359 

Parts  of 267 

Pedestals 3^5 

Principles  of 255 

Selecting  of 353 

Separately  Excited 319 

Series-Wound 319 

Series  Operation  of 366 

Setting-up  of 356 

Shaft 274 

Shunt-Wound 3x9 

Sparking  at  Brushes  of. 333,  371 

Starting  of 358 

Stopping  of 369 

Typical  Forms 339 

Arc-Lighting 344 

Brush 345 

Belt-Driven 341 

Qosed-Coil 340 

Constant-Current 344 

Crocker-Wheeler 341,  342 

Direct-Driven 343 

Double-Current 293 

Edison  Bipolar 340 

General  Electric 342,  343,  345 

Internal-Pole 343 

Open-Coil 345 

Siemens-Halske 343 

Thomson-Houston 346 
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Dynamo-Electric  Machines  (conlmwtfJ)— paob 
Typical  Pomu:  Westinghoxise.  ..34^-343 

Wood 347 

Dynamotor  or  Motor-Dynamo 293 

Dynamotor  Windings 993 

E 

Economixer,  Fuel 1x4 

Economy — 

Gas-Engine 9x6 

Steam-Boiler 1 95 

Steam-Engine 1 97 ,  199 

Steam-Turbine x  84,  199 

Eddy  or  Poucatilt  Ciurents — 

In  Armatitre  Core 908,  97X 

In  Armature  Inductors 975 

In  Pole-pieces 970 

Edison.  T.  A. 13 

Dynamo 340 

Storage  Battery 388 

System X4 

Efficiency — 

Steam-  and  Gas-Engine 80 

Steam-Turbine X99 

Water-Wheels 991 

Electric  Lighting — 

Advantages  and  Disadvantages  of . . .       3 
Alternating-Current  and  Direct. . .  .31.  37 

High  and  Low  Potential 33 

History  of. 8 

Incandescent  and  Arc 99 

Selection  of  a  System 34 

Systems  of 98 

Electrical  Units 99 

Electrical   Energy,   Possible  Sources  of     70 

Electrodynamometers 449 

Electromagnet x  i 

Electromagnetic  Ammeters  and  Volt- 

meteTB. 449 

Electromagnetic  Governors. 1 38 

Electromotive  Force,  Generation  of. .  961 

Electrostatic  Voltmeter. 45  a 

Elevators,  Location  in  Station 67 

Elphinstone  and  Vincent x6 

Elwell,  P.  B 438 

Emery,  C  E 115 

Engine — 
See  Gas. 
Oil. 
Steam. 
Engine — 

Foundations. •  59*  sex 

Sub-base 6x 

Template 60,  901 

E.  P.  S.  Storage  Battery 384 

Ericsson,  J 79 

Ewin„,  J.  A 78 

Excavating. 57 

Expansion  Joints  for  Steam  Piping 1x9 

F 

Farad,  The 93 

Faraday,  M xo.  xs,  955 
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Fatve*  C .  •  380 

Faure  Type  of  Storage  Batten-.  . .       ...  383- 

Feed  Pumps «,  no 

Feed-Water  Heaters , .  1x3 

Feed-Water  Purification. 109 

Field,  Magnetic. «^  S55 

Field-Magnet— 

Constructian  o£. ^  jdji 

Cores JQ16 

Determinatiaa     of     AxapaB^TtsnoB 

for. 5oB,3S^ 

Forms  of.. •••• 304 

lamination  o£. •  970 

Materials  £of« • .•  305 

Size  of »  jd6 

Field  Windings — 

Bringing  out  of  Terminals • .  334 ' 

Construction  of  Coils 393 

Cooling  Surface  of. 397 

Heating  of 396^ 

Insulation  of. 394 

Insulation  Resistance  of. 337 

Sise  of  Wire  for 303 

Types  of. 319 

Compound 32^ 

Differential 391 

Series. 31^ 

Separately  Excited 3x9 

Shunt. 320 

Fire — 

ApiMiratus 67 

Doors 67 

Pump^ 67 

Sbiitten. 67 

Fitsgerald,  D 387 

Fleming,  J.  A -^     3S 

Fleming  Steam-Engine ••«  170 

Fly-YTheels— 

Accidents ^  t4S 

Construction  of ?c45 

Function  of 140 

Strength  of. 141 

Stresses  Ai 1401 

Flooring O4. 

Fliix  Densitv —  , 

In  Aix^Oap •■»  309 

In  Armature  Core «.«  971 

In  Field-Core .' ,  %%^ 

In  Teeth 300 

True  and  Ayparcnt  a  Teeth  ....311,  3x4 
Force — 

lines  «!•     --    -- »5S 

Magnetomoti-w 258 

Electromotive 260 

Foundations — 

Building 95 

Capping <k 

Engine too 

Footings. SB 

Machinery 6» 

Steam-Turbine 184 

Template te 
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Potmdatioos  {ponHmiM^d^  paob 

Underfooting 60 

Fox,  L x5 

ibfrtlidi. 16 

Fxeqaeocsr- a 

Ftictioa — 

Bearing 3^6 

Brush. 303 

Chitch 353 

Bngine. 183 

Pod- 
Calorific  Power  of. 9a 

Direct  Conversion  o! 80 

Boonomizers. xi4 

Gas  as 95 

Oil  as. 94 

Boiler. 109,  xa3 

Circuit  Safety. 437 

G 

Galt.J. 147 

Galvanomster.-: 447 

Gases- 
Average  Composition  of. %i% 

As  Boiler  Puel 95 

Blast-Fumaoe. aix 

CoaL ao7 

Natural 907 

Producer. ao8 

Water. 207 

Gas-Engines 78,  204 

Advantages  and  Disadvantages  of. . .  304 

Compression  of  Charge 306 

Economy  of 316 

BflSdency  of. 80 

Methods  of  Igniting  Chaige 307 

Remedy  for  Unsteadiness  of aza 

Two-  and  Pour-Cycle 105 

Typical  Forms— 

Crossley. ai4 

Kdrting 3x8 

Mietz  and  WeaaSb 9x8 

Nash 3x7 

Otto 3x8 

Westinghouae 9x4 

Gaulard  and  Gibbs. xs 

Gaskets. . . ., 2x9 

Gay-Lossac  Law  of. 89 

Genezator — 
See  Dynamo. 
Alternator. 

Pyzo-Magnetic 80 

Thermo-Electric 8x 

Gfdcher. 233 

Governors — 

Automatic  Cut-off x 26,  X33 

Centrifugal 234 

Dynamometric X37 

Electromagnetic X38 

Function  of 133 

Gae-Engine 3x6,  3x9 


Governors  icontintied)^  paob 

Himtingof X36 

Inertia. 264,  273 

Shaft X34 

Throttle. ... X36,  X33 

Water-Wheel 335 

Gramme xx,  x6 

Gramme  Armature,  see  Armature  Wind- 
ings. 

Grates,  Boiler. ., 205 

Green  Fuel  Bconomiser. 224 

Guericke,  Otto  von S 

R 

Hartisbuig  Engine 272 

Hauksbee,  F 8 

Heaters,  Feed-Water. 2x3 

Heating — 

Calculation  of  Armatuxe 336 

Calculation  of  Field. 326 

Heating  of  Electric  Machinery- 
Causes  for 373 

Remedy  for 373 

Heat  of  the  Earth 73 

Heat  of  the  Sun 73 

Hefner-Alteneck.  von « 22 

Henry 25 

Heio 86 

Hewitt 27 

Holmes y, 10 

Hopkinson,  J.  and  E x6 

Homblower 88 

Hysteresis — 

Magnetic 360 

In  Armature  Cores. 370 

I 

'*!**  Armature xa 

"Ideal"  Engine,  The 270 

Ignition,  Methods  of  Gas  or  OiL S07 

Inductors,  Bar 375 

Injectors xxx 

Installation 2 

Insulation — 

*'  Break-down"  Test 338 

Insulation  Resistance — 

Of  Armature  Winding 337 

Of  Field  Winding 337 

Instruments,  Electrical  Measuring 447 

Galvanometers 447 

Principles  of  Voltmeters  and   Am- 
meters  448 

Recording 456 

Thomson 455 

Wattmeters 455 

Weston 45X 

Isolated  Plant 38 

J 

Jablochkoff Z3. 83 

Jackson.  Prof.  D.  C 336 
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Jamiesoiit  A 153 

Joints,  Expansion iiq 

Jotile 88 

Joule,  The 23 

Journals,  Length  of 326 

K 

Kapp,  G. 16 

Kelvin,  Lord. 88 

Kdrting  Gas-Bngine ai8 

Krizig  and  Piette 15 


Lamps — 

Arc I,  3,  9,  13,  14,  15,  ap,  30 

Hewitt 17 

Incandescent. x.  3,  i3.  14,  15,  29,  30 

Nemst 17 

Lap-Armature  Winding aSp 

Laws  of — 

Boyle  or  Mariotte 89 

Charles  or  Gay-Lussac 89 

Leakage,  Magnetic 317 

Leffel  Turbine 327 

Lightning — 

Trouble  caused  by. 457 

Lightning-Arresters. 457 

Barbed  Wire 467 

Choke-Coil 467 

Connections  of 470 

Location  of 468 

Principles  of 458 

Stanley-KS.  K.  C) 466 

Static  Drains. 468 

Tank 465 

Thomson  "Magnetic  Blow-out" 460 

Types  of 459 

Wurts  "  Non-Arcing" 461 

Lithanode 387 

Losses,  Hysteresis 161,338 

Lubrication 78,  aoa 

Lubrication  of  Steam-Bnginea. aoa 

Luquer.T.  P.  P 338 

M 

Magnet — 

Electro xi 

Permanent 11 

Magnetic-Circuit  Calculations 356,  309 

For  Slotted  Armatures 31 1 

Magnetic  Qutch a54 

Magnetic  Field 355,  as7 

Magnetic  Hysteresis a6o 

Magnetic  Hysteresis  Losses a6i 

Magnetic  Leakage 318 

Magnetic  Lines  of  Force. ass 

Magnetic  Permeability as8 
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Magnetic  Poles. 25s 

Magnetic  Reluctance. 958 

Magnetic  Tubes  of  Force 258 

Magnetomotive  Force 456,  258 

Maier,  J 17 

Man 1^ 

Management  of  Bopers x  ar 

Mariotte's  Law 89 

Marks,  L.  B 16 

Masson. , 10 

Blaxim 15 

McCormick  Turbine 331 

McDevitt,  W 438 

Mcintosh  and  Seymour  Engine 169 

Measures,  see  Units. 18 

Measuring-Instruments,  Classification  of.  447 
Mechanical    Connections    between    En- 
gines and  Generators. 240 

Mietz  and  Weiss  Oil-  and  Gas-Bngme.. .  ax 8 

Mordey 16 

Mordey  Alternator. 351 

Motor 6a 

Multipolar  Dynamo 16 

Multipolar  Field-Frames. 306 

Armature  Windings. 378,  a8o,  a86 

N 

Nash  Gas-Bngine ai7 

Natural  Gas 207 

Nemst 17 

Newcomen 87 

Newton 8 

Nollet, xo 

O 

Oil-Bngine,  Ignition 207 

Remedy  for  Unsteadiness  of ax  a 

Oil-Engine,  Miets  and  Weiss. ai8 

Kdrting ax8 

Oil-Engines 204,  ax  a 

Advantages  of. 304 

Disadvantages  of. ao4 

Pour-Cycle ,.*....  aos 

Two-Cycle aos 

Oil-Switch  High  Tension 44a 

Open-Coil  Armature  Winding!. 389 

Otto  Gas-Bngine 3x3 

P 

Pacinotti xx 

Pacinotti  Armature 369 

Page 15 

Papin,  D 87 

Parsons  Steam-Turbine,  The. x88 

Pelton  Watcr-Wheel 23a 

Connectixig  of. 333 
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Pfelton  Watcr-Wheel  (continued)^  pagb 

Regulation  of 333 

Setting-up  of. a33 

Period 3 

Pennanent  Magnet 11 

Permeability,  Magnetic 358 

Perry,  M.  J 17 

Piette IS 

Pipe  Covering 1 30 

Piping,  Steam 117 

Piping  Supports x  19 

Piston-Rod.  Engine 1 38 

Pixii 10 

Plant I 

Isolated a8 

Size  of 3S 

Plants  Battery 380 

Plants.  G 380 

Pope.  P.  L 17 

Potential- 
Constant 13 

High 33 

Low 33 

Potter.  H 87 

Power — 

Animal 71 

Tidal 7x 

Water 72 

Wave 71 

Wind 71 

Producer-Gas ao8 

Taylor  Apparatus  for 208 

Pump — 

Feed 110 

Fire 67 

Purification,  Peed-Water. 109 

Pyro-Magnetic  Generator. 8x 

R 

Rankine 88 

Rateau  fteam-Turbine 193 

Reaction,  Armature 339 

Reeve,  P.  C 338 

Regulation  of — 

Dynamo 337 

Gas-Engine 31 3.  az6 

Steam-Engine 133, 135 

Steam-Turbine 189 

Storage  Battery 431 

Water-Wheels 333 

Reluctance.  Magnetic 358 

Ring  Armature  Windings 378 

Roofs 63 

Rotary  Converters 39,  394 

Ruhmkorfl 15 

Ryan,  Prof.  H.  J 336 

S 

Safety— 

Boiler^Plug xog,  1 33 

Fuse 437 

Personal 368 
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Safety-Valve 123 

Salomons,  Sir  D 439 

Savery,  T 86 

Sawyer  and  Man 15 

Saxton zo 

Schellen,  H 378 

Schuckert x6 

Separator,  Steam 1 30 

Serrin 13 

Shaft- 
Couplings  for 353 

Dynamo 374 

Governors 1 34 

Kinds  of 351 

Power  Transmitted  by 351 

Shuttle  or  I  Armature xa 

Siemens,  W 11 

Siemens  and  Halske  Dynamo 343 

Single-Phase  Alternator 348 

Single-Phase  Armature  Windings 390 

Sinsteden n 

Skinner,  C.  E 66 

Sparking  at  Commutator 333,  371 

Causes  and  Remedies 373 

Methods  of  Design  to  Overcome 334 

Principles  of 333 

Speeds,  Allowable  Peripheral 371 

Stairs,  Location  in  Station. 67 

Staite 13 

Stanley 15 

Inductor-Alternator  (S.  K.  C.) 35  x 

Lightning-Arrester  (S.  K.  C.) 466 

Star  and  King x  3 

Station  Conductors 430 

Sutions,  Central 38,  34,  36 

Arrangement  of 41  >  46 

Buildings  for 5a 

Divisions  for 65 

Interior  Finish  of 67 

Location  of 41 ,  46 

Room  for  Extension  of 43 

Size  of  Units  in X95 

Walls 61 

Steam-Boiler,  see  Boiler. 
Steam- 
Saturated 90 

Superheated 90 

Wet 90 

Steam-Engines — 

Qassification  of z  36 

Construction  of x  36 

Comparison  of  Simple  and  Compound  197 

Economy  of. X99 

Foundations  for 3ox 

High  Speed x6i 

History  of 86 

Indicator  Diagrams  of 1 30 

Installation  of 194 
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